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Abstract
The growing concerns regarding climate change, population growth, depletion of fossil fuel,
and pollution arising from the combustion of petroleum-based fuel can be identified as the most
important factors driving the urgent need for environmentally friendly renewable energy.
Among all the recognized alternatives to gasoline-based fuel, hydrogen is not only considered
as a clean energy but also it has a high energy content of 142 kJ/g which is almost three times
higher compared to other fossil fuels. Only water and heat are the by-products of hydrogen
combustion. Dark fermentative hydrogen production is a feasible option in which inexpensive,
low-grade, carbohydrate-rich, and renewable lignocellulosic biomass can be used as a substrate
and anaerobic digester sludge (ADS) as a seed for biohydrogen production.
Lignocellulosic substances are abundant in nature and are suitable for dark fermentative
hydrogen production. Pretreatment of these carbohydrate-rich materials is required to get rid of
lignin and increase the readily biodegradable sugars required for fermentation. There are several
methods to break down the rigid structure of lignin and increase the fermentable sugar content.
Although chemical treatment may be appropriate, it produces not only readily biodegradable
sugars but also other by-products which inhibit microbial growth.
The main purpose of this study was to assess the significance of acclimatization and the impact
of furfural inhibition in both batches and continuous-flow systems for biohydrogen production
from synthetic lignocellulosic hydrolysates. First, acclimatization of ADS was tested for
biohydrogen production in a patented continuous-flow system known as integrated biohydrogen
reactor clarifier systems (IBRCS), and in batches. IBRCS, R1, was fed initially with glucose at
a concentration of 10 g/L (phase 1) and then the feed was switched to a mixture of C6 and C5
sugars: glucose, cellobiose, xylose, arabinose at a concentration of 2.5 g/L each (phase 2) and
then the feed reverted to glucose at the same concentration of 10 g/L (phase 3). The results
showed that hydrogen production yields were negatively affected by changing the feed
substrates, despite their biodegradability. Additionally, propionate, which is not favorable for
both biohydrogen and biomethane production, was predominant as a result of feed changes.
This was evident by microbial community analysis which revealed that the propionatei

producing Megasphaera were predominant while the hydrogen and acetate-producing bacteria
i.e. Clostridium were washed out after switching substrates in phases 2 and 3. On the other hand,
neither hydrogen yields nor volatile fatty acids (VFAs) distribution was negatively affected in
the batch study, but rather changing the feed from mono substrate to co-substrate enhanced the
hydrogen production yields. A confirmation experiment has been conducted in IBRCS, R2, to
investigate the effect of feed changes on the acclimatized anaerobic hydrogen-producing
mesophilic mixed cultures where the system was initially fed with a mixture of C5 and C6
sugars similar in concentration and composition to R1 in the second phase of this project. The
results showed a significantly higher hydrogen production yields in R2 compared to R1 phase
2 (1.9 mol H2/mol sugar vs 1.1 mol H2/mol sugar) verifying that the reduction in hydrogen
yields resulted from feed changes.
Second, the impact of furfural inhibition on biohydrogen production was investigated in both
continuous-flow systems and batch studies. In the continuous-flow systems, IBRCS were used
to test glucose and xylose individually in presence of gradual increase of furfural concentrations
from 0-4 g/L for mesophilic biohydrogen production. The results of this study showed that the
biohydrogen-producing microorganisms in both glucose-fed reactor and xylose-fed reactor
behaved similarly towards furfural inhibition. The acclimatized anaerobic mesophilic
hydrogen-producing cultures could tolerate furfural inhibition up to 2 g/L with 29% percent
reduction of the hydrogen yields compared to the control phase with 0 g/L furfural in the feed.
However, the furfural inhibition threshold level ranged from 2-4 g/L. The revivability of the
inhibited cultures from the glucose-fed reactor at 4 g/L furfural was assessed by removing
furfural from the feed. The revivability of the inhibited cultures was proven as evident by the
95% recovery of the specific hydrogen production rate. On the other hand, synthetic
lignocellulosic hydrolysate comprised mainly of 76% (by weight) xylose, 10% glucose, 9%
arabinose, and the rest a mixture of other sugars i.e. galactose and mannose was investigated as
a substrate at concentrations of 2-32 g/L in the presence of furfural at concentrations of 0, 1,
and 2 g/L. The results showed that furfural completely inhibits the biohydrogen producers at 2
g/L and the optimum substrate concentration tested was 16 g/L.

Keywords
lignocellulosic hydrolysates, dark fermentative hydrogen production, acclimatization,
inhibition, furfural, continuous-flow system, batch, microbial community analysis
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Chapter 1

1

Introduction
Background

The depletion of fossil fuels and the need for environmentally friendly energy is crucial. Among
the recognized alternatives to fossil fuel, hydrogen is considered a clean energy carrier due to its
high energy content (142 kJ/g). Hydrogen can be produced from lignocellulosic biomass by
fermentation using microorganisms. Microorganisms are not able to degrade lignocellulosic
biomass directly. Pretreatment of lignocellulosic materials is necessary for breaking down the cell
wall, increasing the cellulose surface area, and release of fermentable sugars for subsequent
fermentation. Physical, chemical, and physicochemical treatment are the typical methods for
lignocellulosic biomass hydrolysis. To enhance the pretreatment efficiency, these methods can be
used under high temperature and pressure. However, the increase of the severity index
(combination of the temperature and the residence time) leads to the increase of fermentation byproducts (inhibitors) (Gonzales et al., 2016) such as furan derivatives (furfural and hydroxymethyl
furfural (HMF)), organic acids (acetic acid, formic and levulinic acid), and phenolic compounds
(syringaldehyde, vanillin, hydroxyl benzoic acid) (Palmqvist & Hahn-Hägerdal, 2000; Quemeneur
et al., 2012; Behera et al., 2014; Siqueira and Reginatto, 2015). The furan derivatives are
particularly harmful to fermentative microorganisms, with furfural significantly more potent than
HMF (Taherzadeh et al., 1999; Sakai et al., 2007; Almeida et al., 2008). The two possible
microbiological solutions to minimize furfural inhibition are gradual acclimatization and genetic
engineering of new strains, with the latter having limited practical application with real feedstocks
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that contain a variety of microorganisms that can out-grow genetically-modified microorganisms
(Almeida et al., 2009).
Volatile fatty acids production during acid-phase anaerobic digestion or the so-called biological
acidification (fermentation) can be used in many applications including, but not limited to,
methane production in anaerobic digestion, a carbon source for biological phosphorous removal,
biopolymer (biodegradable plastic) production, electricity in microbial fuel cells, and biological
denitrification (Zhou et al., 2018). Currently, VFAs are produced chemically for commercial
purposes, however, the use of inexpensive and renewable feedstock biologically has received more
attention recently.
Acclimatization is a process in which an organism adapts to a new environment by changing one
of the following operational conditions: hydraulic retention time (HRT), temperature, pH, types of
the substrate, and substrate concentrations in the bioreactor (Ueno et al., 2001). Acclimatization
of anaerobic digester sludge is essential to increase the biohydrogen production potential (Cakr et
al., 2010; Nasr et al., 2011). Furthermore, in continuous-flow systems, aversion of washout of
hydrogen producing bacteria is crucial for sustained successful operation. However, in batch
reactors, the biomass is retained and no hydrogen producers are washed out during the
acclimatization. The impact of acclimatization for biohydrogen production is scantly discussed in
the literature especially when the feed substrate is variable in quality.

Problem Statement
Biohydrogen production from lignocellulosic hydrolysates has been studied over the last decades.
To improve the hydrogen production rates (HPR) and the hydrogen yields (HY), acclimatization
of anaerobic digester sludge is significant, however, the strategy of acclimatization in batches and
continuous-flow systems has never been discussed in the literature reviews. Therefore, it is
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important to understand the response of acclimatized mesophilic cultures to feed changes in
continuous-flow systems as well as batches.
Lignocellulosic feedstocks pretreatment generates inhibitors such as furfural, which adversely
affect biohydrogen production rates and yields. Consequently, it is important to understand to what
extent does furfural affect the biohydrogen production rates and yields in batches and continuousflow systems, the inhibition threshold level, the revivability of inhibited cultures, and the
interaction of substrate and furfural inhibition.

Research Objectives
Based on the abovementioned literature data, which prominently illustrated that the importance of
acclimatization and the impact of furfural and substrate inhibition for biohydrogen production, and
more importantly the paucity of knowledge on start-up strategies, the threshold level of furfural
inhibition in continuous-flow system, the main objectives of this study are as follows:
I.

Investigation of the impact of feed changes to the acclimatized biomass for biohydrogen

production from synthetic lignocellulosic hydrolysates in continuous-flow systems, with a focus
on the detailed microbial characterization to delineate microbial community changes.
II.

Comparing the response of acclimatized anaerobic hydrogen producing cultures to feed

changes in batches and continuous-flow systems.
III.

Assessing the long-term impact of furfural on acclimatized mesophilic anaerobic digester

sludge for biohydrogen production in continuous-flow systems.
IV.

Exploring the impact of both substrate and furfural inhibition simultaneously on

mesophilic anaerobic cultures for biohydrogen production in batches.
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Thesis organization
This dissertation comprises of seven chapters and conforms to the “integrated-article” format as
outlined in the Thesis Regulation Guide by the School of Graduate and Postdoctoral Studies
(SGPS) of the University of Western Ontario. The seven chapters are as follows:
Chapter 1 presents the general introduction on fermentative hydrogen production from
lignocellulosic biomass including problem statement (knowledge gabs), research objectives, and
thesis organisation.
Chapter 2 presents the literature review on biohydrogen production from lignocellulosic wastes:
Significance of acclimatization, influence of furfural, and substrate inhibition.
Chapter 3 presents my first research article that has been published in International Journal of
Hydrogen Energy entitled “Significance of acclimatization for biohydrogen production from
synthetic lignocellulose hydrolysate in continuous-flow systems. 2016. Int. J Hydrogen Energy,
41: 14003-14014.”
Chapter 4 presents my second research article that has been published in Chemical Engineering
journal entitled “Response of acclimatized mesophilic biohydrogen cultures to feed changes. 2016.
Chemical Eng. Journal. 314: 358–367”
Chapter 5 presents my third research article that has been published in Renewable Energy journal
entitled “Impact of furfural on biohydrogen production from glucose and xylose in continuousflow systems. 2016. Renew Energy; 93:302-11.”
Chapter 6 presents my fourth research article that is ready to be submitted to Waste Management
Journal. entitled “Effect of substrate concentration and furfural on biohydrogen production from
synthetic lignocellulosic hydrolysate using mesophilic mixed cultures.”

4

Chapter 7 summarizes the major contributions and recommendations for future work based on the
results from all findings of this research.
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Chapter 2

2

Literature Review
Introduction

Greenhouse gases emission has been reported as the primary contributor for the rising earth’s mean
surface temperature every ten years by 0.2 ⁰C since 1975 as stated by Carere et al. (2008). The
majority of Greenhouse gases such as carbonaceous oxides and nitrous oxides arises from the
combustion of fossil fuels. The growing awareness regarding the environmental issues, the
depletion of petroleum-based fuel, on one hand, coupled with the increasing demand for energy,
on the other hand, have pushed researchers to look for a renewable environmentally-friendly
energy source (Khoshnevisan et al., 2018). Among the alternatives to fossil resources, hydrogen
is considered as a clean energy as only water and heat are produced as by-products during hydrogen
combustion. Hydrogen can be produced biologically by dark fermentation using anaerobic digester
sludge as seed and low-grade, inexpensive, carbohydrate-rich lignocellulosic biomass as substrates
(Monlau et al., 2013b). However, the typical challenges that limit the use of hydrogen as bioenergy
are: low production yields, storage problems, and high cost (Dunn, 2002). Besides its fuel
potential, hydrogen is widely used in a variety of processes for manufacturing chemicals, for diesel
refinement, and fertilizers (Ciranna et al., 2014).
Hydrogen is not readily available in nature, yet it can be produced thermochemically by steam
reforming of natural gas at 850 ⁰C, electrochemically by splitting water in electrolysis (Wang et
al., 2014), or biologically by dark and photo fermentation (Arimi et al., 2015). Out of the
aforementioned technologies, biological hydrogen production is thus less energy intensive and
more environmentally-friendly (Lin et al., 2018), as only microorganisms and renewable
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feedstocks are being used for biohydrogen production (Kapdan and Kargi, 2006). Globally, 95%
of hydrogen is produced from hydrocarbon followed by 4% of water electrolysis and only 1% is
produced through biological processes from renewable biomass. Figures 2-1 and 2-2 represent
physicochemical and biological hydrogen production processes, respectively.

Biological hydrogen production
The advantages of biological hydrogen production over physicochemical hydrogen production
stem from the use of renewable feedstock, less energy input, and production of value-added byproducts such as VFAs (Ghosh et al., 2018).

Biophotolysis
In this process, light is captured by either green algae (direct photolysis, Equation 2.1)) or bluegreen algae (cyanobacteria) (indirect photolysis, Equations 2.2 and 2.3) to convert water to
hydrogen and carbon dioxide during photosynthesis.
2𝐻2𝑂 + 𝑙𝑖𝑔ℎ𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 → 2𝐻2 + 𝑂2

(2.1)

12𝐻2𝑂 + 6𝐶𝑂2 + 𝑙𝑖𝑔ℎ𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 → 𝐶6𝐻12𝑂6 + 6𝑂2

(2.2)

𝐶6𝐻12𝑂6 + 12𝐻2𝑂 + 𝑙𝑖𝑔ℎ𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 → 12𝐻2 + 6𝐶𝑂2

(2.3)

In this bioprocess, water which is a renewable resource is used as a feed, however, the challenges
of biohydrogen production through direct photolysis are the low production rate and the need for
large bioreactor, as well as the inhibition of the Nitrogenases activity due to the presence of oxygen
during indirect photolysis. Nitrogenase is an oxygen-sensitive enzyme that utilizes adenosine
triphosphate (ATP) and electron to catalyze hydrogen production in indirect photolysis (Oncel et
al., 2015).
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Figure 2-1. Physico-chemical hydrogen production processes
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Figure 2-2. Biological hydrogen production processes
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Microbial electrolysis cell
Microbial electrolysis cell (MEC) is a bioelectrochemical system in which oxidation/reduction
reactions occur at the anode and the cathode, respectively. The anode and the cathode are
connected via electrical circuit with the application of external voltage. Membraneless and dual
chamber are the typical configurations of MEC, with the latter having more advantages where
hydrogen gas is produced at the cathode chamber, where in the case of membraneless MEC, there
is a possibility for methane production. Some exoelectrogenic microorganisms, the anode respiring
bacteria, such as Geobacter Shewanella, Clostridium, Pseudomonas, Desulfuromonas,
Eseherichia, and Klebisella (Lee et al., 2010) are able to transfer electrons to the anode. Organic
matters such as readily biodegradable carbohydrates and volatile fatty acids are favorable
substrates in MEC (Dhar et al., 2015). This could be one of the advantages of MEC where less
external voltage is needed compared to water electrolysis as the degradation of organic carbon in
MEC supplies part of the needed energy. However, one of the disadvantages of MECs is the
difficulty of suppressing the methanogenic activity during the electrohydrogenesis with mixed
cultures which negatively impact the hydrogen production (Ghimire et al., 2015).

Fermentative hydrogen production
Photo fermentation, dark fermentation, and integrated (sequential) dark-photo fermentation are
well known fermentative biohydrogen production processes. In photo fermentative hydrogen
production, light is required to convert volatile fatty acids that are produced in the acidogenic phase
in anaerobic digestion to hydrogen (Equation 2.4) (Hallenbeck and Benemann, 2002; Show et al.,
2018).
𝐶𝐻3𝐶𝑂𝑂𝐻 + 2𝐻2𝑂 + 𝑙𝑖𝑔ℎ𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 → 4𝐻2 + 2𝐶𝑂2

(2.4)

Rhodobacter spheroides, Rhodobacter capsulatus, and Rhodopseudomonas palustris are typical
photo fermentative microorganisms capable of producing hydrogen gas under anaerobic
conditions in the presence of light energy. One of the main disadvantages of photo fermentative
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hydrogen production is the inability to degrade carbohydrate polymers, the most abundant raw
materials in nature (Akiko et al., 1999). Therefore, an additional process is required prior to photo
fermentation to break down the polymeric carbohydrates such as cellulose and starch to monomers.
Dark fermentative hydrogen production is a biological process in which a diversity of fermentative
microorganisms is responsible for utilizing carbohydrate-rich lignocellulosic biomass to produce
hydrogen and valuable chemicals (such as organic acids and alcohol) in the absence of light (Lin
et al., 2018). The main advantage of dark fermentative hydrogen production process over the other
processes is the diversity feedstocks that can be used as substrates for microorganisms, such as
agricultural residues, pulp and paper waste, and organic industrial wastes/wastewaters. Not only
low-cost renewable resources are utilized in dark fermentative hydrogen production, but also a
reduction of waste is enhanced along with the production of non-fossil energy resource. Both pure
cultures and mixed anaerobic cultures could be used as a seed, however, the use of mixed cultures
is of great significance as sterilized conditions are not needed neither for the seed sludge nor for
the substrate. Gram-positive spore-forming Clostridium species (strict anaerobes) and
Enterobacter species(facultative microbes) have been identified as dark fermentative hydrogen
producing microorganisms (Elbeshbishy et al., 2017; Sakurai et al., 2013). The maximum
hydrogen production yield in dark fermentation from glucose, a simple hexose monomer, is 4
moles H2/ mole sugar concomitant with 2 moles of acetate production while a maximum yield of
2 moles H2/ mole sugar concomitant with 1 mole of butyrate production is expected (Equations
2.5 and 2.6) (Mäkinen et al., 2012). On the other hand, 1 mole of hydrogen is consumed
accompanied with I mole of propionate production (Equation 2.7). The three aforementioned
reactions are thermodynamically favorable as evidence by the negative value of the Gibbs free
energy. It is obvious that the H2 production in dark fermentation is influenced by the by-products
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and the pathways. Many process parameters and environmental factors including, but not limited
to, metabolic pathways, pH, temperature, substrate type and concentration, inoculum, and byproducts affect the biohydrogen yields (Dhar et al., 2012; Santos et al., 2014).
C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2

ΔGR⁰ = -196 KJ (2.5)

C6H12O6 → C3H7COOH + 2CO2 + 2H2

ΔGR⁰ = -224 KJ (2.6)

C6H12O6 + 2H2 → 2 C2H5COOH+ 2H2O

ΔGR⁰ = -279 KJ (2.7)

Another approach is sequential dark-photo fermentation, in which an integration of heterotrophic
dark fermentation with phototrophic light fermentation occurs to overcome the lower hydrogen
production rates and yields resulting from a single-stage fermentation process (Ghosh et al., 2018).
In dark photo fermentation process, the produced volatile fatty acids during dark fermentation
could be a suitable feed for photo fermentation (Q. Zhang et al., 2018). Theoretically, 12 moles of
hydrogen are expected from sequential dark-photo fermentation. Since the conversion of acetate,
butyrate, and propionate to hydrogen is thermodynamically unfavorable as evidenced by the
positive value of the Gibbs free energy (Equations 2.8-2.10), therefore, an external photo energy
is required to smash this barrier. One of the of the major disadvantages of the subsequent photo
fermentation is the low light conversion efficiency (Basak et al., 2014).
CH3COOH + 4H2O → 4CO2 + 8H2

ΔGR⁰ = +209 KJ (2.8)

CH3CH2COOH + 2H2O → CH3COOH + CO2 + 3H2

ΔGR⁰ = +72 KJ (2.9)

CH3(CH2)2COO¯ + 2H2O → 2CH3COO¯ + H+ + 2H2

ΔGR⁰ = +48 KJ (2.10)
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Anaerobic digestion process
Anaerobic digestion process consists mainly of four sequential steps. Firstly, hydrolysis in which
hydrolytic bacteria break down the particulate organic matters i.e. carbohydrate, lipids, and
proteins into simple forms of mono carbohydrates, amino acids, and long chain fatty acids. Many
studies reported that the hydrolysis step is considered as the rate-limiting step, the slowest and
therefore limits the rate of the overall process, for complex organic substrates degradation (Ren et
al., 2018). Secondly, acidogenesis in which acidogenic microorganisms utilize the hydrolyzed
organics from the first step to produce volatile fatty acids i.e. acetate, butyrate, and propionate,
and other products such as hydrogen, and CO2, etc. This step is called acidification or fermentation.
Thirdly, acetogenesis in which acetogenic bacteria converts the produced VFAs in the second step
to acetate, CO2, and H2. Lastly, methanogenesis in which either acetoclastic methanogens or
hydrogenotrophic methanogens consume acetate or hydrogen and carbon dioxide, respectively, to
produce methane (Neshat et al., 2017) (Fig. 2-3).
In the methanogenic systems, substrates undergo a complete digestion, in which each step is
predominantly carried out by specific microorganisms, which results in a vast microbial diversity.
On the other hand, the fermentation step (for biohydrogen production) is not a complete treatment
(digestion), but rather is a conversion process during which complex organic matter is converted
to volatile fatty acids (VFAs) and/or alcohols in addition to hydrogen and carbon dioxide with
relatively lower microbial diversity.
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Figure 2-3. Degradation steps of anaerobic digestion process (adapted from Khanal, 2009)
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Two-stage anaerobic digestion process (dark fermentation for hydrogen and VFAs production
followed by methane production) increases the overall energy recovery by as much as 18-33% as
reported by Akobi et al. (2016a). Temperature, pH, VFAs concentration and distribution,
VFAs/alkalinity, C/N, ammonia concentration, heavy metals, sludge retention time (SRT), and
organic loading rate (OLR) are the most significant parameters that control the performance of
anaerobic digestion (Neshat et al., 2017; Ren et al., 2018; Veluchamy and Kalamdhad, 2017).
VFAs-to-alkalinity ratio is a good indicator to understand the performance of the digester with
VFAs/alkalinity ratio of 0.1 to 0.25 indicating stable performance while over 0.4 reflecting
potential inhibition of methanogens thereby resulting in digester failure (Khanal, 2009). On the
other hand, the production and distribution of volatile fatty acids is crucial in anaerobic digestion
(Veluchamy and Kalamdhad, 2017). For example, Wang et al. (2016) proposed that the production
of propionate at a concentration of 3.2 g/L and/or VFAs at a concentration of 6 g/L could inhibit
the methanogenic archaea. Also, Hill et al. (1987) concluded that the propionate/acetate ratio
higher than 1.4 could be toxic to the methanogenesis process. Veluchamy and Kalamdhad (2017)
stated that the accumulation of 2 g/L and 8 g/L of acetic acid and total VFAs, respectively, could
negatively affect methanogenic activity.
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Acidification of organic wastes
As discussed in the previous section, from a biological perspective, anaerobic digestion is a
complex multistep process that involves four steps. Each group of microorganisms possesses the
ability to convert organic matter to either liquid or gaseous products. Acidification/dark
fermentation is the second step in anaerobic digestion process in which fermentative archaea
ferment readily biodegradable organic compounds to volatile fatty acids and H2. Volatile fatty
acids (VFAs) are short-chain fatty acids that contain from 2 to 5 carbon atoms i.e. acetic, propionic,
butyric, iso-butyric, valeric, and iso-valeric acids. Recently, VFAs could be effectively produced
from food waste (Liu et al., 2018; Ren et al., 2018), primary sludge (Elefsiniotis and Oldham,
1994), waste activated sludge (Ma et al., 2016; L. Zhang et al., 2018; Rao et al., 2018), dewatered
sludge (Hao and Wang, 2015; Liu et al., 2013), agricultural residues (Kumanowska et al., 2017),
lignocellulosic biomass (Hu et al., 2005; Jankowska et al., 2017), and organic fraction of municipal
solid waste (Khoshnevisan et al., 2018).
However, there is no consensus on how different substrate types and different operational
parameters, such as pH, temperature, substrate, bioreactor configuration, and sludge treatment,
influence the production and composition of the VFAs (Jankowska et al., 2017). For example,
Elefsiniotis and Oldham (1994) investigated the production of VFAs from primary sludge in a pH
controlled continuous-flow systems at a pH of 4.3-4.6 and 5.9-6.2 and stated that around 30%
reduction in the specific VFAs production rate was observed at the highest pH range. On the other
hand, Hao and Wang (2015) evaluated the volatile fatty acids production from dewatered sludge
at mesophilic and thermophilic temperatures of 35 ⁰C and 55 ⁰C, respectively at initial pH of 6.67.1in uncontrolled batches. The dewatered sludge was diluted prior to the acidification process
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with an initial VSS concentration in the batch bottles of 23.4 g/L. The aforementioned authors
achieved VFAs production of 5.63 g COD/L at thermophilic temperature which was approximately
10 times higher than the corresponding mesophilic temperature of 0.57 g COD/L. On the contrary,
Ma et al. (2016) who tested volatile fatty acids production from waste activated sludge at a pH
range of 7 and 10 with untreated and heat-alkaline pretreated sludge found that there was no
significant difference between neutral and alkaline pH as the acidification yields were 240 mg
COD/gVS and 235.5 mg COD/gVS at neutral and alkaline pH, respectively (Ma et al., 2016).
Increasing the temperature could be an effective parameter to improve the VFAs production (Yu
et al., 2017). This is in agreement with the study conducted by Liu et al. (2013) who tested the
production of volatile fatty acids from dewatered sludge under mesophilic, thermophilic, and
extreme thermophilic temperature at pH of 8, 10, and 12 in batches and concluded that the
maximum hydrolysis and acidification were achieved at extreme thermophilic conditions and pH
of 12. Acidification was 2.15 times higher at thermophilic compared to mesophilic temperature.
However, at mesophilic temperature, although the maximum VFAs at pH of 10 (2.85 g/L) was
lower than that at pH of 12 (3.33 g/L), it took half the acidification time. There is still a knowledge
gap of the optimum pH and temperature for the acidification of organic matter.
Since the target is volatile fatty acids production, some researchers suggested pretreating the
inoculum by enriching the acidogenic fermentative bacteria and suppressing the methanogens to
reduce the VFAs consumption (Zhou et al., 2018). Commonly, the pretreatment methods used for
inhibiting the methanogens are: preheating ADS at 70 ⁰C-100 ⁰C for 30 minutes or more. Acidic
and alkaline pH could deactivate the spore-forming methanogens and therefore accumulation of
VFAs (Zhou et al., 2018). Besides, sonication is a well stablished technology to inhibit
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methanogens and enrich fermentative bacteria (Elbeshbishy et al., 2010). Adjusting the initial pH
in the fermenter to the favorable acidogenic conditions which ranges from 5.5 -5.9 (Cai and Wang,
2016; Hafez et al., 2010; Yin et al., 2014) enhances the production of VFAs during the
fermentation process. It is well known that the optimum pH for anaerobic digestion for methane
production ranges from 6.8-7.2 (Gerardi, 2003). Notwithstanding that pH of 5.5 is favorable for
fermentation and hence VFAs production, the question here is inoculum pretreatment required in
addition to pH adjustment during acidification of particulate organic matters?
pH plays an important role in VFAs production during acidogenic fermentation of organic
compounds. The activity of acidogenic microorganisms is affected by strong acidic conditions
below a pH of 3 and strong alkaline conditions over a pH of 12 (Liu et al., 2012). The acidification
pH range is still broad (3 ≤ pH ≤ 12), however, some studies elaborated that the optimum pH
depends on the substrate type. For example: pH of 7 was recommended by Zhang et al. (2005)
who tested kitchen waste for VFAs production while pH of 9 was favorable as reported by Chen
et al. )2013) who investigated the production of VFAs from co-fermenting sludge with food waste.
Initial pH could affect not only the VFAs production yields but also the composition.
In co-fermenting primary sludge with food waste study (25% food waste + 75% primary sludge)
at ambient and mesophilic temperature testing different HRTs of 1-3 days, propionate was
predominant at both ambient temperature, pH of 6.2, HRT of 1 day, and mesophilic temperature,
pH of 5.9, HRT of 1 day (Min et al., 2005) while butyrate concentration was the highest at a pH
of 8 in a study testing food waste at pH range of 5-9 as reported by D.H. Kim et al. (2011). In
another study investigating the production of VFAs from glucose-rich medium, changing pH from
6 to 8, resulted in a shift in the metabolites from butyrate to acetate and propionate and vice versa.
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The findings in the aforementioned study could be due to a microbial shift from Clostridium
butyricum at pH 6 to Propionibacterium at pH 8 (Horiuchi et al., 1999; Lee et al., 2014).
To enhance the VFAs production from complex substrates such as lignocellulosic biomass, a
suitable pretreatment technology is required to accelerate the hydrolysis and increase the
disintegration of organic matter for subsequent VFAs production (L. Zhang et al., 2018). The
production of VFAs is gaining widespread attention recently due to its significance in different
applications as mentioned previously. The value of VFAs is in the range of 50–130 $/ton, which
increases the economic competitiveness of anaerobic fermentation of organic wastes (Fei et al.,
2015; Zhou et al., 2018).

Inhibition of anaerobic dark fermentative biohydrogen
production
Anaerobic dark fermentative hydrogen production is a complex microbiological process that
occurs in absence of both light and oxygen. Carbohydrate-rich substances are oxidized by either
mixed or pure cultures through a series of biochemical reactions (Bundhoo and Mohee, 2016).
Theoretically, 4 moles of hydrogen are expected from 1 mole of hexoses if acetate is the
predominant by-product, while a maximum of 2 mole of hydrogen are expected from 1 mole of
hexoses if butyrate is produced. Experimentally, acetate and butyrate could be produced together
and hence affecting the overall hydrogen production yield. Besides, the low biohydrogen
production from dark fermentation can be attributed to several process parameters and
environmental factors that inhibit the process including, amongst others, substrate concentration,
substrate composition, by-products resulting from raw substrate pretreatment (furan derivatives,
phenolic compounds, and undissociated organic acids), initial pH, temperatures, microbial
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competition (between hydrogen and non-hydrogen producing bacteria), and metabolic pathways.
Bundhoo and Mohee (2016) reported that among the aforementioned inhibitors, furan derivatives
and phenolic compounds severely inhibit biohydrogen production to a larger extent rationalizing
that some other strategies could be applied for reducing the threshold inhibition level such as
dilution of reactor contents and acclimatization of microbial cultures. Non-hydrogen and hydrogen
consuming pathways such as lactate and propionate, respectively, trigger inhibition during dark
fermentation process (Ghimire et al., 2015). Production of lactate during dark fermentative
hydrogen production could be due to the presence of particular species such as Bacillus spp.,
Coriobacteriaceae bacteria, and Lactobacillus spp. which lower the H2 yield by diverting the
pathway to lactate accumulation (Bundhoo and Mohee, 2016; Elbeshbishy et al., 2017). In some
cases where the abovementioned species are present, however, no lactate is detected. This could
be attributed to the presence of another species which favor lactate as a substrate i.e. Megasphaera
bacteria which utilizes lactate diverting the metabolic pathways to propionate production. Not only
lactate and propionate, but also the hydrogen producing pathways through acetate and butyrate,
could inhibit dark fermentative hydrogen production if their concentrations exceed the threshold
levels. Siqueira and Reginatto (2015) reported that the maximum H2 production rate decreased by
half when the acetic acid concentration was 5.14 g/L while testing dark fermentative hydrogen
production from glucose at mesophilic conditions. Wang et al. (2008) investigated the inhibition
of hydrogen production from sucrose-rich synthetic wastewater at a concentration of 25 g COD/L
using mesophilic anaerobic mixed cultures at a pH of 5.5 by acetate addition ranging from 0-50
g/L. The aforementioned authors reported that the IC50 (50% reduction of specific hydrogen
production rate) occurred at an acetate addition of 11.05 g/L.
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On the other hand, initial substrate concentration is a critical operational parameter with usually
the hydrogen production rate increasing with substrate concentration in the range of the Monod
half-saturation concentration. However, significant accumulation of volatile fatty acids may
prompt inhibition due to low pH. In dark fermentation systems, in the case where the target is
biohydrogen, initial substrate concentration should be optimized while if the target is VFAs
production, hydrogen production can be neglected.

Substrate inhibition in dark fermentation
Carbohydrate-rich substances are favourable substrate for dark fermentative hydrogen production.
Glucose is the most abundant monosaccharides and xylose is the second most abundant sugar
available in nature. Based on stoichiometry, typically 1 g of carbohydrate produces 565 mL of
hydrogen at mesophilic temperature. Theoretically, 1 mole of hydrogen occupies 25.44 L at
mesophilic temperature (37 ⁰C), and a maximum of 4 moles of hydrogen are produced from 1
mole glucose (mono carbohydrate). Similarly, in the case of xylose, a maximum of 3.33 moles of
hydrogen is expected from 1 mole of xylose, which corresponding to 565 mL of H2 from 1 g of
xylose at mesophilic temperature. It is counterintuitive that higher substrate concentrations are
preferred for energy-efficient fermentation as more hydrogen will be expected, therefore reducing
the operational cost. However, liquid by-products distribution, pH of the medium, and microbial
cultures will be affected by increasing substrate concentration (Qiu et al., 2016). Hydrogen
production rate can be enhanced by increasing substrate concentration to a certain extent which is
the optimum. Beyond the optimum substrate concentration, inhibition of the hydrogen producing
microorganisms may occur. The inhibition could be due to the accumulation of VFAs, the decline
in pH, and microbial or metabolic shifts. The optimum substrate concentration differs with the
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substrate type and the reactor configuration. On the other hand, the food-to- microorganisms’ ratio
(F/M) (g COD / g VSS.d) in continuous-flow mode or the so-called initial substrate-to- biomass
ratio (S⁰/X⁰) (g COD / g VSS) in batch reactors is critical to avoid substrate inhibition. van Ginkel
and Logan (2005) tested initial glucose concentrations of 2.5, 5, 7.5, and 10 gCOD/L at different
HRTs of 1h, 2.5 h, 5 h, and 10 h, corresponding to organic loading rate (OLR) of 0.5 – 18.9 g
glucose/h, for dark fermentative hydrogen production in a chemostat reactor at a pH of 5.5 and 30
⁰C. The aforementioned authors found that the initial glucose concentration is more significant
than HRT. For example, hydrogen production yield increased from 1.9 mol H2/ mole glucose to
2.6 mol H2/ mole glucose with decreasing initial glucose concentration from 10 g COD/L to 2.5 g
COD/L at an HRT of 5 h. However, hydrogen production yields were similar of 1.9 mol H2/ mole
glucose at both HRTs of 2.5 h and 5 h and initial glucose concentration of 10 g COD/L. Hafez et
al. (2010) investigated the effect of OLR ranging from 6.5 gCOD/L-d to 206 gCOD/L-d
(corresponding to initial glucose concentration ranged from 2 g/L to 64 g/L) on dark fermentative
hydrogen production from glucose in continuous-flow systems at a pH of 5.5, HRT of 8 h, and
37⁰C using anaerobic digester sludge and reveled that the maximum hydrogen yield of 2.8 mol
H2/mol glucose was obtained at OLR ranging from 6.5 to 103 gCOD/L-d (corresponding to initial
glucose concentration of 2g/L-32 g/L), however, the hydrogen yields dropped to approximately
1.2 and 1.1 mol H2/mol glucose for the OLRs of 154 and 206 gCOD/L-d (corresponding to 48 g
glucose/L and 64 g glucose /L), respectively. Besides, the aforementioned authors clearly showed
that the optimum F/M ratio for continuous-flow systems is in the range of 4.4–6.4 gCOD/gVSSd. Abreu et al. (2012) studied dark fermentative hydrogen production from arabinose and glucose
individually at concertations of 1.5 , 2.5 , and 5 g/L, pH of 5.5 and 70 ⁰C using anaerobic mixed
cultures in expanded granular sludge bed (EGSB) reactors and reported that increasing substrate
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concentration resulted in increasing hydrogen production yield (0.23 mol H2/ mol arabinose
consumed at arabinose concentration of 1.5 g/L while 1.1 mol H2/ mol arabinose consumed at
arabinose concentration of 5 g/L).

pH
pH is a critical operational parameter in dark fermentative hydrogen production from
lignocellulosic biomass. Continuous-flow reactors and batches are the typical modes of operation
in dark fermentation. However, most of continuous-flow reactors are pH controlled. On the
contrary, the majority of batch studies are uncontrolled as the substrate and the inoculum are put
together into a sealed glass bottle adjusted at a certain temperature and initial pH. The control of
pH is crucial to the fermentative bacteria and more importantly to the hydrogenase activity as well
as on the metabolic pathways. Accumulation of volatile fatty acids and alcohols (fermentation byproducts) at a higher level could either inhibit the hydrogen producing bacteria or shift the
metabolic pathway.
Typically, the maximum HY and HPR values were obtained when the pH was in a range of 5.5
and 6.0 (Lin et al., 2012). For example, Fang and Liu (2002) investigated biohydrogen production
from glucose and ADS testing a pH range from 4 to 7 with 0.5 stepwise increment in a pH
controlled continuously stirred tank reactor (CSTR) at mesophilic temperature (36⁰C), HRT of 6
h. The authors reported that a pH of 5.5 was the optimum with a maximum hydrogen production
yield of 2.1 mol H2/mol glucose. Additionally, the denaturing gradient gel electrophoresis (DGGE)
profiles for the microbial cultures collected after each phase clearly showed that the microbial
community changed with pH. The number of bands increased with increasing pH due to the
enrichment of methanogens at high pH, as evidenced by the increased detected methane in the

23

biogas. Similarly, Oh et al. (2004) who tested thermophilic biohydrogen production from glucose
at a concentration of 13.7 g/L and different pH values of 5, 5.5, and 6 using trickling biofilter
reactor found the highest hydrogen production yield of 1.21 mol H2/mol glucose at pH of 5.5. A
study by Yu et al. (2002) investigated a pH range of 4.5 to 6 using rice winery wastewater at a
concentration of 34.1 g COD/L in an up-flow anaerobic reactor for biohydrogen production by
mesophilic mixed anaerobic cultures. The maximum hydrogen production yield and specific
hydrogen production rate of 1.74 mol H2/mol hexose and 8.02 L H2/g VSS.d, respectively, were
obtained at pH of 5.5. On the contrary to continuous-flow studies, a batch study conducted by
Zhang et al. (2007) within a pH range of 4-9 for biohydrogen production from acid pretreated
cornstalk as a substrate using spore-forming rod shape bacteria and micrococcus, which were
screened and purified from acclimatized cow dung composts as inoculum, found that the maximum
cumulative H2 yield of 150 ml H2 /g TVS was obtained at initial pH 7 and substrate concentration
15 g/L.

Temperature
Another critical operational parameter that affects both dark fermentative hydrogen production
and microbial metabolisms in mixed cultures is temperature. Dark fermentative biohydrogen
production by mixed anaerobic digester sludge has been conducted most likely under mesophilic
conditions (20⁰C

≤ mesophilic temperature < 40 ⁰C), thermophilic (40 ⁰C ≤ thermophilic

temperature < 60 ⁰C) conditions, and extreme thermophilic (60 ⁰C ≤ extreme thermophilic
temperature >75 ⁰C) (Cavinato et al., 2011; Gadow et al., 2013). The optimal temperature for dark
fermentative hydrogen production depends on the substrate and the inoculum type. Table 2-1
summarizes the impact of mesophilic and thermophilic temperatures on dark fermentative
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hydrogen production. For example, thermophilic temperature is more favorable than mesophilic
temperature in the case of using agriculture residues for biohydrogen production (Guo et al., 2010).
Temperature can significantly impact the substrate biodegradation rate, the activity of hydrogenproducing enzymes (e.g. hydrogenases), and metabolism of fermentative microorganism
(Elbeshbishy et al., 2017). Biohydrogen production under mesophilic conditions was
recommended by most of studies and few under thermophilic condition (Elbeshbishy et al., 2017;
Guo et al., 2010; Sinha and Pandey, 2011). Mesophilic conditions have been commonly adopted
for fermentative H2 production in many studies (Temudo et al., 2009; Nasr et al., 2011; Makinen
et al., 2012). Recently, thermophilic conditions attracted attention for H2 production (Kim and
Kim, 2012; Zheng et al., 2016). Efficient utilization of complex substrates, better thermodynamic
conditions, and suppression of methanogens are typically the advantages of thermophilic
conditions over mesophilic that have been reported in the literature (Shanmugam et al., 2014;
Zhang et al., 2015). Additionally, the presence of some efficient H2-producing thermophiles, such
as Thermoanaerobacterium spp., is considered as the key microbial factor which is responsible for
better performances in these cases (Zhang et al., 2015).
It is obvious from the literature studies that hydrogen production yields increased with increasing
the temperature in both batch and continuous-flow systems to some extent especially with
particulate substrates. Extremely high temperature over 60 °C may deactivate the fermentative
bacteria by inhibiting vital enzymes of cell growth (Elbeshbishy et al., 2017; Sinha and Pandey,
2011). Additionally, in terms of energy recovery, dark fermentative hydrogen production at
mesophilic conditions is superior to at thermophilic conditions with only one exception where the
feed substrate comes from an elevated temperature stream. For instance, textile industry effluent
has a high temperature of 70 ⁰C-80 ⁰C (Cakr et al., 2010). Some of the studies investigated the
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effect of temperature shock on dark fermentative hydrogen production such as using mesophilic
ADS at thermophilic temperature and found enhancement in the hydrogen production yields
(Gupta et al., 2015; Nasr, 2017). However, the advantages of mesophilic conditions over
thermophilic conditions are: lower operational cost in terms of energy demand for reactor heating,
better stabilization, and less odor production as a result of VFAs volatilization at thermophilic
conditions (Gebreeyessus and Jenicek, 2016).
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Table 2-1. Summary of biohydrogen production at different temperatures in both batch and continuous-flow systems
Inoculum
Thickened sludge +
digested cow manure
Anaerobic granular
sludge acclimatized with
starch wastewater
Geothermal hot (45 ˚C)
spring cultures

Substrate

pH

Reactor

Xylose (7.5 g/L)

7

Batch

7

Batch

Corn stover acid
hydrolysate (5 g /L)

Glucose

Mesophilic ADS

Ground wheat

Mesophilic ADS

starch acid-

acclimatized with

hydrolyzed (18

glucose at 55ºC

6.5
7.5

Batch

Temp.

H2 yield (mol

(ºC)

H2/mol sugars)

35

1.14

(Qiu et al.,

55

1.24

(2016)

37

0.32

(Zhang et al.,

55

0.95

2015)

37

1.23

(Puhakka et

55

1

al., 2012)

37

1.6
(Cakr et al.,

55

thermophilic
temperature

1.22

Starch
Cellulose

Acclimatized ADS to

2.4

2010)

g/L)
Glucose

Mesophilic ADS

Ref.

37
5.5

55

Cellulose

Mesophilic ADS

Poplar wood

Thermophilic ADS

hydrolysates

0.13

Batch

Starch

5.6

Batch
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1

(Gupta et al.,
2014)

1.13

(Gupta et al.,

0.42

2015)

37

1.18

55

0.8

(Nasr, 2017)a

Mesophilic ADS

Thickened sludge +
digested cow manure

Thermophilic ADS

Mesophilic ADS

Xylose (7.5 g/L)

7

Glucose

5.5

Corn-syrup waste

5.5

Batch

Continuous trickling
biofilter reactor
Continuous-flow
system
a novel carrier-induced

Mesophilic ADS

Sucrose (17.5 g/L)

granular sludge bed
(CIGSB) reactor

a: the reported results at S⁰/X⁰ of 0.5
b: the reported results at HRT of 4 h
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55

1.54

35

1.23

40

0.86

45

0.71

50

0.62

55

1.22

60

1.01

65

0.79

55

1.11

37

2.8

30

2.87

35

2.87

(Lee et al.,

40

3.41

2006)b

45

2.91

(Qiu et al.,
2017)

(Oh et al.,
2004)
(Hafez et al.,
2009)

Characteristics of lignocellulosic hydrolysates
Lignocellulosic biomass consists mainly of 35%–45% cellulose (a polymer of glucose), 25%–
40% hemicellulose (heteropolymer of hexose and pentose) and 20%–35% lignin (an aromatic
organic compound). These low-grade wastes must be pretreated to release the fermentable
sugars (Figure 2-4). Commonly used pretreatment technologies are physical (e.g. milling,
grinding and irradiation) (Zhu et al., 2010), chemical (e.g. alkali, dilute/concentrated acid,
oxidizing agents, and organic solvents) (Behera et al., 2014), and physicochemical (e.g.
hydrothermal pretreatment, and wet oxidation) (Kumar et al., 2009). The hydrolysate can be
utilized for biological hydrogen production (Mäkinen et al., 2012) as well as bioethanol
production through dark anaerobic fermentation (Sommer et al., 2004). Because lignocellulose
hydrolysates contain not only glucose, but also various monosaccharides, such as xylose and
arabinose (Katahira et al., 2006), as well as disaccharides, such as cellobiose (Chang et al.,
2011), microorganisms can efficiently ferment these sugars for biohydrogen production.
Changing the acid/alkaline concentrations, severity index (temperature and residence time), and
solids loading play a critical role in the fermentable sugars distribution (Rao et al., 2016). It is
also reported that different pretreatment methods produce varieties of sugar contents.
From selected literature data shown in Table 2-2, glucose, xylose, arabinose, and cellobiose are
typically the simplest sugars produced during lignocellulosic materials hydrolysis. However,
the percentage of each sugar differs with different pretreatment technology even though the
biomass is same. For instance, xylose was the predominant sugar (80.5%) after dilute acid
pretreatment of sugarcane bagasse using 1% (L L−1) H2SO4 while glucose (42.4%) and
arabinose (50.5%) were the predominant after alkaline pretreatment using 5% (kg L−1) NaOH
of the same agricultural waste ( sugarcane bagasse ) as reported by Fangkum and Reungsang
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(2011). On the contrary, Lo et al. (2011) reported that cellobiose was the main sugar content of
42% after the combination of alkaline and bacterial pretreatment (1.5% (L L−1) NaOH, 2 g L−1
H2O2 + C. uda) of sugarcane bagasse. It is counterintuitive that different lignocellulosic
substances comprise of different percentages of cellulose and hemicellulose contents, therefore
production of different sugars would be expected. For example, glucose (53.6%) and xylose
(41.8) were the predominant sugars after the combination of acid and enzymatic pretreatment
of switchgrass (Quarterman et al., 2017). Similarly, glucose (41.1%) and xylose (38%) were
predominant after the sequential acid and microwave pretreatment of oil palm trunk (Khamtib
et al., 2011). However, glucose of 78.6% was the main sugar after enzymatic hydrolysis of pulp
and paper waste as described by Lakshmidevi and Muthukumar (2010).

Figure 2-4. Pretreatment of lignocellulosic biomass (adapted from Mosier et al. 2005)
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Table 2-2. Sugar titers in hydrolysates after different pretreatment methods
Pretreatment

Pretreatment conditions

Substrate

Sugar

Sugars (%)

Others

Reference

–

(Fangkum and Reungsang,

content

Diluted acid

1% (L L−1) H2SO4

Sugarcane bagasse

(g L−1)

Glu

Xyl

Arab

Cellob

11.3

16.5

80.5

6.4

–

2011)
Concentrated acid

55% (L L−1) H2SO4

Dry conifer pulp

Acid + enzymatic

0.936% v/v H2SO4 and 0.3 g

Switchgrass

4.83

37.7

51.1

–

–

11.2

(Nissilä et al., 2012)

53.6

41.8

0.05

-

-

(Quarterman et al., 2017)

Pluronic F-68, 160 °C, 15
119.7

min+ cellulases and
hemicellulases
Acid + microwave

1.6% (kg L−1) H2SO4, 450 W

Oil palm trunk

21.8

41.1

38.0

21.0

–

–

(Khamtib et al., 2011)

Alkaline

5% (kg L−1) NaOH

Sugarcane bagasse

1.98

42.4

7.5

50.5

–

–

(Fangkum and Reungsang,
2011)

Alkaline + bacterial

1.5% (L L−1) NaOH, 2 g L−1

Sugarcane bagasse

1.34

15

5

4

42

32

(Lo et al., 2011)

Paper and pulp

22.9

78.6

15.3

6.1

–

–

(Lakshmidevi and

H2O2 + C. uda
Enzymatic

Cellulase

industry effluent

Muthukumar, 2010)
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Production of inhibitors during lignocellulosic hydrolysates
pretreatment
Lignocellulosic biomasses such as agricultural residues, pulp and paper waste, organic
industrial wastes, and municipal solid waste are carbohydrate-rich complexes which need
pretreatment to break down the rigid structure of lignin and release the readily biodegradable
sugars along with other by-products (Figure 2-5) (Nissila¨ et al., 2014). As mentioned in section
2.6, typical pretreatment technologies are physical, chemical, and physicochemical. To enhance
the pretreatment efficiency, these methods can be used under high temperature and pressure.
However, the increase of the severity index (combination of the temperature and the residence
time) leads to the increase of fermentation by-products (inhibitors) (Gonzales et al., 2016) such
as furan derivatives (furfural and hydroxymethyl furfural) which are products of pentoses and
hexoses dehydration (Equation 2.11 and 2.12), respectively, aliphatic acids (acetic, formic,
levulinic acid) which originate from the hydrolysis of acetyl groups in hemicellulose, and
phenolic compounds (syringaldehyde, vanillin, hydroxyl benzoic acid) arising from lignin
decomposition (Palmqvist & Hahn-Hägerdal, 2000; Quéméneur et al., 2012) (Figure 2-6). The
furan derivatives are particularly harmful to fermentative microorganisms, with furfural
significantly more potent than HMF (Taherzadeh et al., 1999; Sakai et al., 2007; Almeida et al.,
2008). Furan derivatives damage the cell membrane and nucleic acids as well as inhibit key
metabolic enzymes of microorganisms responsible for lignocellulosic fermentation (Allen et al.,
2010; Zhang et al., 2015). The concentrations of inhibitors and sugars in different
lignocellulosic hydrolysates produced during pretreatment are presented in Table 2-3 from
selected literature studies.
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The most salient finding from the literature is that furfural is not only produced during
lignocellulosic biomass pretreatment, but also is the major by-product compared to the other
inhibitors. Furfural concentrations were found in the hydrolysates in a range of 0.1 to 4.1 g/L
(Table 2-3). An interesting parameter that has been scantly discussed in the literature is
inhibitor-to-substrate ratio (Panagiotopoulos et al., 2011). On the other hand, some researchers
used the inverse of F/S which is the ratio of ∑ (soluble sugars)/∑(inhibitors) to assess the
potential of a hydrolysate for fermentation (Table 2-3). The ratio of ∑ (soluble
sugars)/∑(inhibitors) ranged from 2.4 to 25.5 (N. Kim et al., 2011; Alvira et al., 2011). Furfural
was the predominant furan derivative in the aforementioned table, no matter which pretreatment
technology was applied (Monlau et al., 2013a; N. Kim et al., 2011; Alvira et al., 2011; Cao et
al., 2010; Hsu et al., 2010), yet acetate was predominant after thermal pretreatment (N. Kim et
al., 2011; Alvira et al., 2011). The ratio of ∑(soluble sugars)/∑(inhibitors) depends not only on
the nature of the biomass but also on the pretreatment technology.
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Cellulose

Carbohydrates

Hemicellulose

Agricultural
residues

Lignocellulosic biomass

Industrial
wastes

Lignin

Pretreatment

Furan derivatives

By-products

Phenolic
compounds

Municipal solid
wastes

Organic acids
Figure 2-5. products of lignocellulosic biomass pretreatment
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Table 2-3. The concentration of inhibitors and sugars in different lignocellulosic hydrolysates

Pretreatments

Substrates

Pretreatment

Soluble sugars and by-products concentration (g L− 1)

∑

conditions

Thermal

Mapple

Hot water, 200 °C,

chips

20 min; 23% (w/w

References

soluble
Hexose

Pentose

Soluble

sugars

sugars

sugars

0.6

9.2

9.8

Furfural

5-

Phenols

Acetate

Formate

HMF

4.1

-

sugars/∑
furans

1.3

13.1

2.4

(N. Kim et
al., 2011)

TS); log Ro = 4.24
Wheat

Steam explosion,

straw

220 °C, 2.5 min,

4.4

25

29.4

0.89

0.26

–

7.5

–

25.5

(Alvira et
al., 2011)

biomass/liquid: 1:5;
log Ro = 3.93
Thermo-acidic

Rice husk

121 °C, 180 min,

1.83

8.61

10.44

0.94

-

0.15

1.96

–

11.1

4% v/v H2SO4,

(Cao et al.,
2010)

biomass/liquid:1:10
(w/v)
Rice straw

160 °C, 25 min; 1%

5.95

11.7

17.65

2.5

0.3

–

1.9

–

H2SO4;

6.3

(Hsu et al.,
2010)

biomass/liquid:1:10
(w/v), CS = 2.5
Sunflower

4% HCl (170 °C,

stalk

60 min)

0.28

3.14

3.42

35

1.15

0.13

0.02

0.31

0.6

(Monlau et
al., 2013a)

Lignocellulosic hydrolysates by-products

Furan

Phenolic

Organic

derivatives

compounds

acids

Furfural

Vanillin

Hydroxymethyl

Acetic

Formic

Levulinic

furfural

acid

acid

acid

Syringaldehyde

Hydroxyl
benzoic acid

Figure 2-6. Inhibitors resulted from pretreatment of lignocellulosic biomass under
harsh conditions

(2.11)

(2.12)
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Types of biohydrogen reactors
In terms of mode of operation, the biohydrogenators (biohydrogen reactors) can be divided into
two broad categories, batch reactors and continuous-flow reactors. In batch reactors, the
substrate and microorganisms are loaded into a suitable reactor, the system is closed and
reaction proceeds as a function of time. The biogas is collected frequently with time while the
end products are discharged at the end of the operation (Levin and Azbar, 2012). In continuousflow systems, substrate is continuously fed into the reactor and products are continuously
discharged with biogas production from the top of the bioreactor. The most common
continuous-flow systems are: continuous stirred tank reactor (CSRT), packed bed system,
integrated biohydrogen reactor clarifier systems (IBRCS), and electro-assisted biohydrogenator
clarifier systems (Li and Fang, 2007). A number of studies have studied CSTR for continuous
fermentative hydrogen production. Kim & Kim (2012) studied thermophilic fermentative
hydrogen production using anaerobic digester sludge at a pH of 5.5 and 60ºC using acid
hydrolyzed tofu (soybeans) processing wastewater at a concentration of 11.5 g sugar/L. A
maximum hydrogen yield of 1.78 mol H2/mol sugar added was obtained. Since in a CSTR
biomass solids residence time (SRT) is the same as the hydraulic retention time (HRT), its
concentration in the mixed liquor is highly affected by the recommended HRT of 1-12 h which
is optimal for high hydrogen production rates (Li and Fang, 2007), thus, the hydrogen
production is limited (Hafez et al., 2014).
The common alternative to CSTR for the continuous hydrogen production is the packed-bed
reactor, in which biomass is immobilized either in granules (Chang and Lin, 2004; Kim et al.,
2005), in biofilms (Oh et al., 2004), or is entrapped in packed media (Chang et al., 2002). In
most packed-bed reactors, up-flow mode of operation where wastewater enters at the bottom
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and exits from the top is predominant. Oh et al. (2004) attained hydrogen from glucose under
thermophilic conditions in a trickling biofilter reactor with maximum hydrogen yield and
production rate of 151 ml H2/g hexose (1.01 mol H2/mol hexose) and 25.7 L H2/L/d,
respectively. The challenge of using the packed-bed biohydrogen reactor is the development of
methanogenic biofilms on the packing media which negatively impact the sustainability of
hydrogen production (Hafez et al., 2014). Therefore, it would be advantageous to provide an
alternative method in which solids residence time (SRT) is decoupled from the hydraulic
retention time (HRT) in order to avoid the aforementioned disadvantages.
Hafez et al. (2014) developed a novel integrated biohydrogen reactor clarifier system (IBRCS)
(Figure 2-7). The system comprises of a continuously stirred reactor (CSTR) for biological
hydrogen production, followed by an uncovered gravity settler for decoupling of SRT from
HRT. The system was able to maintain a maximum hydrogen yield and production rate of 3.1
mol H2/mol glucose and 34 L/ L/d, respectively (Hafez et al., 2014). The performance of the
IBRCS emphasizes its potential as an efficient technology that is economically feasible for
biological hydrogen production from organic wastes. The CSTR is used for biohydrogen
production while the gravity settler is used for sludge recirculation to the hydrogen reactor
which allows for operation at high volatile suspended solids concentrations (biomass). The
abovementioned process also surprisingly provides higher hydrogen production rates and yield
as compared with conventional completely-mixed ones, and also provides long-term
sustainability of the system for continuous biohydrogen production. Hafez et al. (2009) studied
biohydrogen production in the IBRCS using acclimatized mesophilic sludge enriched primarily
on glucose, prior to switching to corn-syrup waste, achieving a hydrogen production yield of
2.86 mol H2/mol sugar with acetate and butyrate as the predominant by products. This suggests
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that the IBRCS is a feasible solution for biohydrogen production from real waste, mainly
carbohydrate-rich wastewater.

Figure 2-7. Integrated Biohydrogen Reactor Clarifier System (Hafez et al., 2010)

Response of biohydrogen cultures to furfural inhibition in
continuous-flow systems
Microorganisms can reduce furfural to furfuryl alcohol (Nicolaou et al., 2010; Taherzadeh et
al., 1999; Zaldivar et al., 2001), formic acid (Almeida et al., 2009; Monlau et al., 2013), and
acetic acid (Liu et al., 2015) under anaerobic conditions and to furoic acid under aerobic
conditions (Ran et al., 2014). All the aforementioned transformation products are considered
less inhibitory by-products (Almeida et al., 2009). However, the rates of this conversion vary
considerably with different microorganisms even between different strains of the same species.
Furfural at a concentration of 4 g/l severely decreased the specific growth rate despite
conversion to the less inhibitory furfuryl alcohol (Taherzadeh et al. 1999). Biological
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detoxification of furfural is a feasible solution to minimize furfural inhibition and it could be
applied by two different means. Either gradual acclimatization or genetic engineering of new
strains, with the latter having limited practical application as real feedstocks contain a variety
of microorganisms that can out-grow genetically-modified microorganisms (Almeida et al.,
2009). To the best of our knowledge, the response of biohydrogen cultures to furfural inhibition
in continuous-flow systems is barely discussed in the literature. A study has been conducted by
Rivard and Grohmann, (1991) to test a CSTR fed with furfural at a rate of 10.5 mg furfural/ L
reactor/d for biomethane production. Furfural was converted to less inhibitory intermediates
(furfuryl alcohol, acetic acid, and furoic acid) prior to final conversion to CO2 and methane,
with 80% recovery of the biogas theoretically expected. Barakat et al. (2012) reported that
furfural at a concentration of 2 g/L could be biodegraded during anaerobic digestion with a
methane potential of 430 mL CH4/g furfural, representing 74% of the theoretical value.

Response of biohydrogen cultures to furfural inhibition in
batches
Table 2-4 presents the impact furfural on mesophilic biohydrogen production from pure
substrates and real feedstocks. Initial furfural concentration, furfural-to-biomass ratio (F/B),
furfural-to-substrate ratio (F/S), and initial substrate concentration are the typical factors
affecting dark fermentative biohydrogen production from lignocellulosic hydrolysates in
batches. From the literature survey, it is apparent that the short-term inhibitory impact of
furfural on biohydrogen production in batches have just recently been assessed (Cao et al., 2010;
Kongjan et al., 2010; Monlau et al., 2013; Park et al., 2011; Quéméneur et al., 2012; Siqueira
and Reginatto, 2015; Akobi et al., 2016b). For example, Akobi et al. (2016b) studied mesophilic
biohydrogen production from synthetic lignocellulosic hydrolysates in batches using anaerobic
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digester sludge (ADS) at a pH of 5.5 testing different furfural concentrations ranging from 0-4
g/L at different initial substrate-to-biomass ratio (S⁰/X⁰) ranging from 0.5-4 g COD/ gVSS. The
aforementioned authors reported that furfural at a concentration up to 1 g/L stimulated hydrogen
production by 19% at S⁰/X⁰ of 4. Siqueira and Reginatto (2015) who studied the inhibitory effect
of furfural, HMF, and hydroxybenzoic acid on mesophilic fermentative hydrogen production
from 40 g/L glucose using mixed cultures in batches, reported that the hydrogen yields
decreased with increasing furfural concentrations. Additionally, at a furfural concentration of 2
g/L, no hydrogen was produced. A study by Quemeneur et al. (2012) on the effect of furfural
and hydroxymethyl furfural (HMF) on biohydrogen fermentation from xylose in batches,
reported that adding furfural and HMF, individually, at a concentration of 1 g/L to the feed
substrate reduced the maximum hydrogen yields by 70% and 76%, respectively. A significant
reduction of 78% in the hydrogen production yield at a furfural concentration of 86 mg/L was
observed by Monlau et al. (2013) who tested mesophilic anaerobic digester sludge for
biohydrogen production from glucose at a concentration of 5 g/L in the presence of increasing
volumes (0%, 3.75%, 7.5%, 15%, and 35% (v/v)) of dilute acid hydrolysate generated from
sunflower stalks pretreatment .
On the other hand, in the case of anaerobic digestion, the aforementioned inhibitors could be
utilized by methanogenic archaea more efficiently compared to hydrogen-producing
microorganisms. For dark fermentative biohydrogen production, it is clear from the literature
that the ADS should be pretreated prior to cultivation by several means including, amongst
others, heat treatment, acid/base treatment, and ultrasonication to suppress the methanogenic
activity and enrich the hydrogen-producing cultures (Wang and Wan, 2009; Elbeshbishy et al.,
2010). However, the presence of lignocellulosic hydrolysate byproducts, especially furan
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derivatives and phenolic compounds, inhibits the hydrogen-producing microorganisms with
minimal inhibition for the methanogens.
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Table 2-4. Impact furfural on mesophilic biohydrogen production from pure substrates and real feedstocks.
Substrate

Reactor

Dark fermentation conditions

type

Xylose

batch

Feed substrate and inhibitors

Furfural /

Hydrogen

concentrations

biomass ratio

yields (mmol

(F/B) g

H2/ g

furfural/g VSS

substrate)

5.7

3.4

37 ˚C, pH 5.5, anaerobic digested

Soluble sugars: 5 g/L

sludge pretreated at 90 ˚C for 10 min

Furfural: 1000 mg/L no other by-

Reference

(Quéméneur et
al., 2012)

products

Sugarcane

batch

37 ˚C, pH 5.5, elephant dung

Soluble sugars: 3.9 g/L

pretreated at 100 ˚C for 2 h

Furfural: 4 mg/L

0.005

4.9

bagasse

(Fangkum and
Reungsang, 2011)

hydrolysate

Soluble sugars: 5.2 g/L

0.16

1.22

(Fangkum and
Reungsang, 2011)

Furfural: 135 mg/L
Sunflower

batch

35 ˚C, pH 5.5, anaerobic

Soluble sugars: 5.1 g/L

digested sludge pretreated

Furfural: 43 mg/L

0.17

9

(Monlau et al.,
2013a)

Stalks
hydrolysate

at 90 ˚C for 15 min
Soluble sugars: 5.25 g/L

0.34

1.15

(Monlau et al.,
2013a)

Furfural: 86 mg/L
43

Soluble sugars: 5.5 g/L

0.69

0

(Monlau et al.,
2013a)

Furfural: 172 mg/L
Synthetic

batch

37 ˚C, pH 5.5, anaerobic

Soluble sugars: 8.8 g/L

digested sludge pretreated

Furfural: 0.5 g/L

0.20

3.8

lignocellulosi

(Akobi et al.,
2016b)

c hydrolysate

at 70 ˚C for 30 min, S0/X0 of 4
Soluble sugars: 8.8 g/L

0.41

5.8

(Akobi et al.,
2016b)

Furfural: 1 g/L
Soluble sugars: 8.8 g/L

0.82

7.6

(Akobi et al.,
2016b)

Furfural: 2 g/L
Synthetic

Scaled up-

lignocellulosi

batch

c hydrolysate

37 ˚C, pH 5.5, anaerobic

Soluble sugars: 32.7g/L

digested sludge pretreated

Furfural: 0 g/L

0

6.1

(Akobi et al.,
2017)

at 70 ˚C for 30 min, S0/X0 of 4
Soluble sugars: 32.7g/L

0.43

1.6

(Akobi et al.,
2017)

Furfural: 4 g/L

❖ Theoretical hydrogen production in terms of mmole H2/g sugear = 22.2 mmole H2/g sugear
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Acclimatization of ADS in batches for biohydrogen
production
Acclimatization, or the so-called acclimation, of anaerobic digester sludge (ADS) is essential to
enhance the biohydrogen production potential (Cakr et al., 2010; Liu et al., 2008; Nasr et al.,
2011). Acclimatization in batch reactors occurs by retaining the biomass in the batch reactors
(by either centrifugation or settling) and no hydrogen producers are washed out. The influence
of acclimatization of mesophilic ADS for biohydrogen production in batches is scantly
discussed in the literature especially when the feed substrate is changed. Table 2.5 clearly shows
the impact of acclimatization in some of the literature batch studies For example, A study by
Mäkinen et al. (2012) investigated mesophilic biohydrogen production from glucose and xylose
in batches at a concentration of 7.5 g/L, and a pH of 6.8 using a hot spring culture as inoculum
acclimatized initially on glucose for hydrogen production, reported that yields of 0.54 mol
H2/mol glucose added and 0.71 mol H2/mol xylose added were obtained, suggesting that
biohydrogen production could be enhanced in batches using a culture acclimatized with either
the same or different substrates than the one ultimately used for biohydrogen production. Kim
and Kim (2012) who studied thermophilic fermentative biohydrogen production using
acclimatized mesophilic ADS in a CSTR operated in batch mode to avert biomass washout at
thermophilic temperature and pH of 5.5 for 5 days using glucose as a substrate at a concentration
of 10 g COD/L, after which the system was switched to a continuous-flow mode using acidhydrolyzed tofu (soybeans) processing wastewater at a concentration of 11.5 g sugar/L, and
reported a maximum hydrogen yield of 1.78 mol H2/mol sugar added was observed. The
abovementioned acclimatized culture was then used for biohydrogen production in batches at
60 ⁰C and a pH of 6.8 using xylose, glucose, and cellobiose individually at a concentration of 3
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g COD/L and maximum hydrogen yields of 1.7, 2.7, and 1.3 mol H2/mol sugar added were
obtained, respectively. Cakır et al. (2010) studied thermophilic dark fermentative hydrogen
production from acid-hydrolyzed ground wheat starch at a concentration of 18 g sugar /L using
acclimatized ADS. Acclimatization occurred in batches using glucose at a concentration of 60
g/L, a pH of 5.9, and 55 ºC. A yield of 2.4 mol H2/mol sugar consumed (333 mL H2/g sugar
consumed) was obtained. The aforementioned authors tested

the same substrate, acid-

hydrolyzed ground wheat at a concentration of 18 g sugar/L, using non-acclimatized sludge at
mesophilic condition of 37 ºC, and a pH of 5.9, and obtained biohydrogen production yield of
1.6 mol H2/mol sugar consumed (220 mL H2/g sugar consumed) with more than 85% of the
total sugar utilized. Fangkum and Reungsang, (2011) investigated thermophilic fermentative
biohydrogen production from mixed xylose/arabinose at a concentration of 5 g/L each using
elephant dung acclimatized with a mixed xylose/arabinose of 2.5 g/L at a pH of 5.5 and 55 ºC
and obtained a maximum hydrogen yield of 2.5 mol H2/mol sugar consumed (1.78 mol H2/mol
sugar added) in batches. On the other hand, the aforementioned acclimatized culture has been
tested with sugar cane bagasse hydrolysate as a substrate at a concentration of 10 g/L under the
aforementioned operating conditions and a yield of 1.5 mol H2/mol sugar consumed was
reported.

Acclimatization of ADS in continuous-flow systems for
biohydrogen production
In continuous-flow systems, with pH control, the microorganisms that adapt to the ambient
conditions can continue to proliferate in the reactor, whereas other microbial groups with an
insufficient growth rate at the ambient operational conditions i.e. hydraulic retention time
(HRT), temperature, pH, and substrate concentrations in the bioreactor, would be washed out
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(Ueno et al., 2001). Aversion of washout of hydrogen producing bacteria is crucial for sustained
successful operation. There is a significant difference between acclimatization in continuousflow systems and batches. The impact of acclimatization for biohydrogen production in
continuous-flow systems is scarcely discussed in the literature. Table 2-5 represents the
hydrogen production yields for acclimatized and non-acclimatized cultures from different
feedstocks in both batches and continuous-flow systems.
For example, Kim and Kim (2012) studied dark fermentative hydrogen production in a CSTR
using acclimatized mixed anaerobic cultures as inoculum and acid-hydrolyzed tofu (soybeans)
processing wastewater at a concentration of 11.5 g sugar/L as a substrate at a pH of 5.5, 60ºC
and obtained a maximum hydrogen yield of 1.78 mol H2/mol sugar added . Acclimatization was
conducted using mesophilic ADS in a CSTR operated initially in a batch mode to retain the
hydrogen-producing species and avert biomass washout at a pH of 5.5 and 60ºC for 5 days using
glucose as a substrate at a concentration of 10 g COD/L. A study by Hafez et al. (2009) was
carried out to examine mesophilic biohydrogen production in a continuous-flow system using
corn-syrup waste and acclimatized mesophilic sludge (ADS enriched primarily on glucose) and
revealed that hydrogen production yield of 2.86 mol H2/mol sugar was obtained, in close
agreement with the 2.8 to 3.1 mol H2/mol sugar observed with glucose. This could be attributed
to the composition of corn-syrup which was 90% glucose. In the case where acclimatization
occurs using different substrate concentrations or composition in continuous-flow system, the
performance of acclimatized cultures in terms of hydrogen production yield deteriorates. For
instance, Temudo et al. (2009) studied mesophilic dark fermentative hydrogen production in a
CSTR using xylose as a substrate at a concentration of 4 g/L and anaerobic mixed culture as
inoculum, consisting of a mixture of two types of biomass, obtained from two different sources,
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a distillery wastewater treatment plant and a sludge from a potato starch processing at a pH of
8 and 30°C, and obtained a yield of 0.65 mol H2/mol xylose; however the performance of the
system deteriorated during co-fermentation of xylose and glucose at a concentration of 2 g/L
each. This could be attributed to the sensitivity of the microbial population to the substrate
concentration and/or increased product concentration (Temudo et al., 2009). One possible
reason is that the unexpected changes in the operating parameters such as changing the influent
feed and substrate concentration variation (Arreola-Vargas et al., 2013; Gadow et al., 2013)
may have resulted in an imbalance in the fermentation process. Another reason is that the other
hydrogen-producing microorganisms, which were acclimatized with xylose in the first phase,
may have been washed out.
Similarly to Temudo et al. (2009), Arreola-Vargas et al. (2013) examined anaerobic sequencing
batch reactor for mesophilic biohydrogen production at a pH of 4.5 using glucose and xylose at
a concentration of 2.5 g/L each and obtained hydrogen production yield of 2 mol H2/mol sugar
consumed. The aforementioned acclimatized cultures showed a decline in hydrogen production
yield of 0.59 mol H2/mol sugar consumed when the feed substrates have been altered to
xylose/glucose and acid hydrolysates at a concentration of 2.5 g/L each (Table 2.5). Due to the
significance of acclimatization in continuous-flow systems, the impact of feed changes to the
acclimatized sludge on hydrogen production may pose serious challenges.
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Table 2-5. Hydrogen production yields for acclimatized and non-acclimatized cultures from different feedstocks in both
batches and continuous-flow systems
Substrate (initial

Reactor type

concentration)

Dark fermentation

Acclimatized/non-acclimatized

Hydrogen yields

conditions

cultures

(mol H2/ mol

Reference

substrate)
CSTR
acid-hydrolyzed tofu

Acclimatized ADS;

Acclimatization was conducted

1.78 mol H2/mol

pH 5.5; 60 ⁰C

using mesophilic ADS ,CSTR

sugar added

(soybeans) processing

(Kim and Kim, 2012)

operated in a batch mode, pH of 5.5

wastewater (11.5 g sugar/L)

and 60ºC for 5 days , glucose
concentration of 10 g COD/L
IBRCS

corn-syrup (8 to 25 g/L)

CSTR
xylose (4 g/L)

Acclimatized ADS,

Acclimatization was conducted

2.86 mol H2/mol

HRT 8h, SRT 2.2-

using mesophilic ADS in IBRCS,

sugar

2.5 days, pH 5.5, 37

pH 5.5, 37ºC, glucose concentration

⁰C

of 8 g /L

Non-acclimatized

Non-acclimatized

ADS, pH 8, 30°C
CSTR

Xylose + glucose

(2.5 gCOD/L each)

(Temudo et al., 2009)

xylose

Acclimatized ADS

Acclimatization was conducted

0 mol H2/mol

pH 8, 30°C

using ADS in CSTR, pH 8, 30ºC,

sugar

(2 g/L each)

Xylose + glucose

0.65 mol H2/mol

(Hafez et al., 2009)

(Temudo et al., 2009)

xylose concentration of 4g /L
anaerobic

Non-acclimatized

sequencing batch

anaerobic granular

reactor (ASBR)

sludge, 35ºC, pH 4.5

Non-acclimatized
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2 mol H2/mol

(Arreola-Vargas et al.,

sugar consumed

2013)

glucose/xylose and acid
hydrolysate (2.5 g COD/L

anaerobic

acclimatized

acclimatized anaerobic granular

0.59 mol H2/mol

(Arreola-Vargas et al.,

sequencing batch

anaerobic granular

sludge using xylose + glucose

sugar consumed

2013)

reactor (ASBR)

sludge, 35ºC, pH 4.5

(2.5 gCOD/L each), 35ºC, pH 4.5

IBRCS

Non-acclimatized

Non-acclimatized

2.3 mol H2/mol

(Haroun et al., 2016)

each)
Glucose (10 g/L)

ADS, pH 5.5, 37°C
IBRCS

Glucose, cellobiose, xylose,

Acclimatized ADS,
°

pH 5.5, 37 C

arabinose (2.5 g/L each)

glucose
Acclimatized ADS using glucose at

1.1 mol H2/mol

a concentration of 10g/L, pH 5.5,

sugar added

37°C
batches

Xylose (7.5 g/L)

Acclimatized hot

Acclimatized hot spring culture as

0.71 mol H2/mol

spring culture as

inoculum on glucose, pH 6.8, 37 ºC

xylose added

inoculum, pH 6.8, 37

using

(Mäkinen et al., 2012)

ºC using
batches
xylose/arabinose (5 g/L each)

Acclimatized

elephant dung acclimatized with a

2.5 mol H2/mol

(Fangkum and

elephant dung, pH

mixed xylose/arabinose of 2.5 g/L at

sugar consumed

Reungsang, 2011)

5.5, 55 ºC

a pH of 5.5 and 55 ºC

(1.78 mol
H2/mol sugar
added)

a

1.5 mol H2/mol
sugar cane bagasse

sugar consumed

hydrolysate ( 10 g/L)
batches
Glucose (10 g/L)

Non-acclimatized

Non-acclimatized

ADS, pH 5.5, 37 ⁰C
batches

Glucose, cellobiose, xylose,
arabinose (2.5 g/L each)

1.71 mol H2/mol

(Haroun et al., 2017)

sugar

Acclimatized ADS,

Acclimatized ADS using glucose at

1.96 mol H2/mol

pH 5.5, 37°C

a concentration of 10g/L, pH 5.5,

sugar

°

37 C

❖ a: maximum hydrogen yield

50

(Haroun et al., 2017)

Startup Strategies for continuous-flow systems
One of the critical parameters related to the increase of volumetric hydrogen production rate
and consequently the subsequent methane production in continuous-flow systems is the startup strategy. A two-stage anaerobic digestion process which separates acidogenesis
(hydrogen-producing bacteria) and methanogenesis, can increase energy recovery by the
production of both hydrogen and methane (Schievano et al., 2014). The production and
distribution of VFAs is a key factor for anaerobic digestion, since methane production is
affected by VFA concentrations and composition, as different VFA components would lead
to dissimilar methane production efficiencies. Acetic and butyric acids are favorable
substrates for methanogens, and a high level of propionic acid (>3.2 g/L) restrained the
activity of methanogenic archaea. Moreover, it was reported in the literature that anaerobic
digestion was inhibited when VFA concentrations exceeded 6 g/L or propionic acid
concentration was higher than 3.2 g/L (Wang et al., 2016). Changing the feed composition
could potentially impact VFAs distribution and/or VFAs concentrations (Haroun et al.,
2016).

Detoxification of lignocellulosic hydrolysates
Different detoxification strategies have been proposed to overcome the challenge of high
concentrations of inhibitory compounds in the lignocellulosic hydrolysates and mitigate
inhibitory effects on microbes for efficient biofuel production (Kundu and Lee, 2016; Lee et
al., 2015; Lin et al., 2015; Rao et al., 2016; Yeo, 2016). Typical examples for the investigated
detoxification strategies are physical (i.e. nanofiltration, and vacuum membrane distillation),
chemical (i.e. overliming, Fenton reagent, sodium borohydride, ion-exchange resin, activated
charcoal, trialkylamine, and ammonium hydroxide), electrochemical (i.e. electrodialysis),
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and biological detoxification processes have been studied (Lee et al., 2015; Purwadi et al.,
2004; Rao et al., 2016; Soudham et al., 2014; Xie et al., 2015). However, the aforementioned
chemical detoxification methods require a separate process step, strict detoxification
conditions (i.e. pH, temperature, and residence time), and inevitably lead to the loss of
fermentable sugars and increase of production costs (Lin et al., 2015). Microorganisms are
able to alleviate the inhibition level by converting the inhibitory compounds to less inhibitory
ones. For example, furfural which is an aldehyde could be converted biologically to either
alcohol (furfuryl alcohol) or acid (furoic acid). Biological detoxification also results in the
degradation of fermentable sugars since the detoxifying microbes need long incubation time.
Physical detoxification requires specific pore sizes which allow separating sugars from
inhibitors. Electrochemical detoxification has been developed by Lee et al. (2015) who
reported a 77% removal of total phenolic compounds without any sugar loss. Purwadi et al.
(2004) studied chemical detoxification (overliming) of a mixture of 50 g/L glucose and 18
g/L furfural using Ca(OH)2 at a concentration of 100 g/L at a pH of 12 and 30 ⁰C and
observed 47% and 58% conversion of glucose and furfural, respectively after only 3 minutes.
One of the drawbacks of the chemical detoxification is the loss of sugars content. Another
serious problem is the final pH, necessitating neutralization after liming to the desired one
for subsequent fermentation (Purwadi et al., 2004). Lin et al. (2015) studied biohydrogen
production from a mixture of 6 g/L glucose and 4 g/L xylose in the presence of detoxified
and un-detoxified inhibitors mixture of furfural, hydroxymethyle furfural (HMF), vanillin,
and syringaldehyde at a concentration of 1.44, 1.89, 2.28, 2.73 g/L, respectively,
corresponding to 15 mM each at a pH of 6 and 35 ⁰C. The detoxification process occurred
using different concentrations of sodium borohydride (NaBH4) of 0, 0.57, 1.14, 1.7 g/L
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corresponding to 0, 15, 30, 45 mM, respectively, at 35⁰C for 20 minutes. The aforementioned
authors reported that the removal of furan derivatives (i.e. furfural and HMF) was more
effective than that of phenolic compounds (vanillin and syringaldehyde) and reached 90%.
The fermentable sugars loss ranged from 1.3% to 51% and 4% to 87.4% for glucose and
xylose, respectively, when NaBH4 was used at concentrations ranging from 15mM (0.57 g/L)
to 45 mM (1.7 g/L). Interestingly, no hydrogen was produced in the presence of the inhibitors
without detoxification at a concentration of 15 mM (0.57 g/L) each compared to 195 mL H2/
g sugars in the control (sugars without inhibitors). However, when the inhibitors were
detoxified using 15 mM NaBH4, the hydrogen production yield rocketed to 156 mL H2/ g
sugars. Additionally, when the detoxifying agent NaBH4 increased to 30 mM (1.14 g/L), the
hydrogen production yield increased to 193.3 mL H2/ g sugars. However, a further increase
in NaBH4 to 45 mM resulted in the reduction of hydrogen yield to 75.2 mL H2/ g sugars.
Besides the abovementioned challenges in chemical detoxification, recovery of the
detoxifying reagent is problematic.
Lee et al. (2015) tested electrochemical detoxification of p-coumaric acid, ferulic acid,
vanillin, and syringaldehyde, collectively, at a concentration of 0.5 g/L each in the presence
of 0.1 M (5.84 g/L) of NaCl as electrolyte at a pH of 6.8 and a constant oxidation potential
of 1.15 V vs Ag/AgCl for 10 h. 78%, 77%, 82%, and 94% removal efficiencies were observed
for p-coumaric acid, ferulic acid, vanillin, and syringaldehyde, respectively. The
aforementioned authors also studied the toxicity of phenolic compounds and the influence of
electrochemical detoxification on Clostridium tyrobutyricum fermentation and elaborated
that the cell growth and butyric acid production were significantly affected in presence of undetoxified phenolic compounds. The cell growth (OD600) reduction was 98.0%, 50.4%,
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8.0% and 15.9%, while the butyric acid reduction was 100%, 58%, 19%, and 23%, in the
presence of p-coumaric acid, ferulic acid, vanillin, and syringaldehyde, respectively, at a
concentration of 0.5 g/L each.
However, in the presence of detoxified phenolic compounds, the cell growth and the
production of butyric acid by Clostridium tyrobutyricum were comparable to the control.
Furthermore, the abovementioned authors investigated electrochemical detoxification of rice
straw acid hydrolysate at 1.15 V for 10 h and observed that 71% of the total phenolic
compounds were removed with no loss of sugars content (Lee et al., 2015). Yeo (2016)
studied electrochemical detoxification of furfural at a concentration of 2.12 g/L by applying
1 volt for 3 h in presence of 10mM (0.58 g/L) NaCl and 50mM H2SO4 as electrolyte and
observed 90% conversion of furfural to both 2-furoic acid (2.16 g/L) and acetic acid
(0.27g/L) with almost the same COD content. The aforementioned authors tested mesophilic
biohydrogen production from glucose at a concentration of 11.6 g/L, pH of 5.5, S⁰/X⁰ of 1
gCOD/gVSS, individually and in combination with different furfural derivatives such as
furfural, furfuryl alcohol, 2-furoic acid, and electrochemically detoxified furfural and
reported hydrogen yields of 259, 146, 250, 276, and 195 mL H2/ g COD sugar added for
glucose (control), glucose with furfural, glucose with furfuryl alcohol, glucose with 2-furoic
acid, and glucose with electrochemically detoxified furfural, respectively. This suggests that
electrochemical degradation of furfural enhanced biohydrogen production by 34% compared
to biohydrogen batch with glucose and furfural. On the other hand, the aforementioned
authors investigated a microbial electrolysis cell fed with glucose at a concentration of 2 g/L
in the absence and presence of furfural at a concentration of 0.7 g/L and elaborated that
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furfural inhibited anode respiring bacteria which resulted in low hydrogen yield as well as
low current density.

Synopsis of literature review
Biological hydrogen production via dark fermentation of lignocellulosic biomass is favorable
because these lignocellulosic residues contain carbohydrate, the best substrate for hydrogen
producing microorganism, in addition to lignin. Pretreatment of lignocellulosic feedstocks is
necessary to liberate fermentable sugars for dark fermentative hydrogen production.
Acclimatization of anaerobic digester sludge is significant to improve biohydrogen
production yields and rates. Unfortunately, not only fermentable sugars are produced during
lignocellulosic biomass but also other byproduct (inhibitor) which adversely affect the
biohydrogen fermentation. Furfural is considered as one of the major inhibitors that is
produced in a high concentration in lignocellulosic hydrolysates as well as it exhibits negative
influence on microbial fermentation by reducing the cell growth rate, lowering the cell
membrane permeability, and breaking down DNA. Microorganisms can reduce furfural to
less toxic compounds by two means; either gradual acclimatization or genetic engineering of
new strains. However, the latter option has serious challenges with real feedstocks.
Acclimatization can be done by introducing furfural gradually to the continuous-flow
systems mixed with feed substrate, thus the microorganisms can tolerate furfural. However,
the inhibition threshold level for furfural has been reported in the literature to be in the range
of 1-2 g/L in batches. Therefore, biological detoxification could be a feasible solution to
increase the tolerance towards furfural inhibition.
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Chapter 3*

3

Significance of Acclimatization for Biohydrogen
Production from Synthetic Lignocellulose Hydrolysate in
Continuous-Flow Systems
Introduction

The depletion of fossil fuels and the need for environmentally friendly energy is crucial.
Among the recognized alternatives to fossil fuel, hydrogen is considered as a clean energy
carrier due to its high energy content (142 kJ g-1) (Baghchehsaraee et al., 2011). In addition
to its fuel potential, hydrogen can be used in a variety of processes for manufacturing
chemicals, semiconductors, and fertilizers (Ciranna et al., 2014).
Lignocellulosic substances are the most plentiful raw materials in nature (Mäkinen et al.,
2012). Lignocellulosic material residues including pulp-and-paper wastes, food processing
wastes, wheat-straw or rice-straw, corn stovers, and sugar cane bagasse (Temudo et al., 2009)
are produced at an annual rate of 8.15 *107 tonnes worldwide (Kim and Dale, 2004). All
lignocellulosic materials that basically consist of 35%–45% cellulose (a polymer of glucose),
25%–40% hemicellulose (heteropolymer of hexose and pentose) and 20%–35% lignin (an
aromatic organic compound) are often hydrolyzed by acid treatment. The hydrolysate can be
utilized for biological hydrogen production (Mäkinen et al., 2012) as well as bioethanol
production through dark anaerobic fermentation (Sommer et al., 2004). Because
lignocellulose hydrolysates contain not only glucose, but also various monosaccharides, such
as xylose and arabinose (Katahira et al., 2006), as well as disaccharides, such as cellobiose
(Chang et al., 2011), microorganisms can efficiently ferment these sugars for biohydrogen

* This Chapter has been published in International Journal of Hydrogen Energy
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production. Dark fermentative hydrogen production using carbohydrates (Abreu et al., 2012;
Mäkinen et al., 2012; Nasr et al., 2011) and lignocellulosic wastes (Arreola-Vargas et al.,
2013; Kim and Dale, 2004; Ueno et al., 2001) by various pure and mixed cultures has been
extensively studied.
Acclimatization of anaerobic digester sludge is essential to increase the biohydrogen
production potential (Cakir et al., 2010; Nasr et al., 2011). Furthermore, in continuous-flow
systems, aversion of washout of hydrogen producing bacteria is crucial for sustained
successful operation. In continuous-flow systems, with pH control, the microorganisms that
adapt to the ambient conditions can continue to proliferate in the reactor, whereas other
microbial groups with an insufficient growth rate at the ambient operational conditions i.e.
hydraulic retention time (HRT), temperature, pH, and substrate concentrations in the
bioreactor, would be washed out (Ueno et al., 2001). The impact of acclimatization for
biohydrogen production is scantly discussed in the literature. For example, Kim and Kim
(2012) studied thermophilic fermentative hydrogen production using acclimatized mixed
anaerobic culture. Acclimatization was conducted using mesophilic anaerobic digester
sludge in a CSTR operated in a batch mode to avert biomass washout at a pH of 5.5 and 60ºC
for 5 days using glucose as a substrate at a concentration of 10 g COD/L, after which the
system was switched to a continuous-flow mode using acid-hydrolyzed tofu (soybeans)
processing wastewater at a concentration of 11.5 g sugar/L. A maximum hydrogen yield of
1.78 mol H2/mol sugar added and hydrogen production rate of 5.1 L H2/L/d was obtained.
Hafez et al. (2009) studied biohydrogen production in a continuous-flow system using
acclimatized mesophilic sludge enriched primarily on glucose, prior to switching to cornsyrup waste, achieving a hydrogen production yield of 2.86 mol H2/mol sugar, in close
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agreement with the 2.8 to 3.1 mol H2/mol sugar observed with glucose. Temudo et al. (2009)
studied hydrogen production using a mesophilic anaerobic mixed culture as inoculum,
consisting of a mixture of two types of biomass, obtained from two different sources, a
distillery wastewater treatment plant and a sludge from a potato starch processing in a CSTR
at a pH of 8 and 30°C and initial xylose concentration of 4 g/L, and obtained a yield of 0.65
mol H2/mol xylose; however the aforementioned microbial culture exhibited a sharp drop in
performance during co-fermentation of xylose and glucose at a concentration 2 g/L each. The
aforementioned authors attributed the marked deterioration in substrate conversion to the
sensitivity of the selected population to the substrate concentration and/or increased product
concentration (Temudo et al., 2009). One possible explanation is that the unexpected changes
in the operating parameters such as an alteration of substrate and substrate concentration
variation (Arreola-Vargas et al., 2013; Gadow et al., 2013) may have resulted in an imbalance
in the fermentation process. Another explanation is that the other hydrogen producers may
have been washed out during enrichment of the cultures using xylose in the first phase. On
the other hand, Haroun et al. (2016) studied biohydrogen production from xylose and glucose
individually in continuous-flow systems at an HRT of 8 hours and an influent concentration
of 10 g/L at mesophilic temperature and a pH of 5.5 using acclimatized anaerobic digester
sludge with gradual increase in influent furfural concentrations of 0, 0.25, 0.5, 1, 2, and 4
g/L. The aforementioned authors reported that the acclimatized culture was not inhibited by
furfural concentrations up to 1 g/L.
Notwithstanding the sparsity of the literature studies, the novelty of this work stems directly
from the lack of research on the impact of feed changes on acclimatized microbial cultures
for biohydrogen production in continuous-flow systems, with a focus on detailed microbial
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characterization to delineate microbial community changes. Previous studies lack
information on the impact of the alteration of the influent readily biodegradable substrates
on acclimatized anaerobic mixed cultures in continuous-flow system for biohydrogen
production, and focused only on non-acclimatized ones in batches. The focus of the very
limited continuous-flow biohydrogen studies in the literature (Arreola-Vargas et al., 2013;
Haroun et al., 2016; Kim and Kim, 2012; Temudo et al., 2009) as expected has been on
steady-state conditions, with very superficial discussion of acclimatization.
Due to the significance of acclimatization in continuous-flow systems, the main objective of
the present study was to evaluate the impact of feed changes to the acclimatized sludge on
hydrogen production rate, yield, and soluble by-products. Additionally, detailed microbial
characterization was undertaken to delineate microbial community changes.

Materials and Methods
Seed sludge
Anaerobic digester sludge (ADS) was collected from St. Mary’s wastewater treatment plant
(St. Mary’s, Ontario, Canada) and preheated at 70C for 30 minutes (Hafez et al., 2010;
Haroun et al., 2016) prior to inoculation of the integrated bioreactor clarifier system (IBRCS).
The total suspended solids (TSS) and volatile suspended solids (VSS) concentrations of the
ADS were 13.4 and 8.9 g/L, respectively.

Systems set up and operation
Two IBRCSs (Fig. 2-7, Appendix A1), R1 and R2, were operated as duplicates for biological
hydrogen production at 37 °C for 40 days, at organic loading rates (OLR) of 32.1 gCOD/L/d
and hydraulic retention time (HRT) of 8 hours (Table 3-1). The IBRCSs comprised a
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continuously stirred reactor (CSTR) for biological hydrogen production (7 L working
volume), followed by an uncovered gravity settler (volume 8 L) for the decoupling of solids
retention time (SRTs) from the HRT. Water was recirculated through a water jacket to
maintain a constant temperature of 37±1 °C. Nitrogen gas was initially purged in the head
space for 4-5 min at 65 psi in order to maintain anaerobic conditions. The pH was controlled
at 5.5±0.1 by a pH controller (HANNA Instruments, Italy, HI 21series) and chemical feed
pumps (Romania, BL1.5, HANNA, Blackstone) with 2 N NaOH and HCl solutions. In order
to enrich the hydrogen producing bacteria, anaerobically digested sludge was treated at 70
°C for 30 min. The operational period included three phases denoted henceforth as phases 1
to 3 lasting 22, 6, and 12 days respectively. In phase 1, the systems were fed with glucose as
a carbon source (10 g/L), in phase 2 the feed was a mixture of pentose (C5) and hexose (C6)
sugars (xylose, arabinose, glucose, and cellobiose) 2.5 g/L each, and finally, in phase 3 the
feed was reverted to 10 g/L of glucose. The feed contained sufficient inorganics as prescribed
elsewhere (Hafez et al., 2010). The systems were monitored for total chemical oxygen
demand (TCOD), soluble chemical oxygen demand (SCOD), volatile fatty acids (VFAs),
glucose, soluble carbohydrates, total suspended solids (TSS), volatile suspended solids
(VSS), and biogas composition including hydrogen and methane. Soluble carbohydrates
were determined by the phenol sulphuric acid method, using glucose as the standard (DuBois
et al., 1956). The quantity of produced biogas was recorded daily using a wet-tip gas meter
(Rebel wet-tip gas meter company, Nashville, TN, USA) (Appendix A2).

Analytical methods
The biogas composition including hydrogen, methane, and nitrogen was determined by a gas
chromatograph as described by Hafez et al. (2010). Methane was not produced at all during
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this study. Total and soluble chemical oxygen demand (TCOD / SCOD) were measured using
HACH methods and test kits (HACH Odyssey DR/2500 spectrophotometer manual). TSS
and VSS were analyzed using standard methods (APHA, 1998). The concentrations of
volatile fatty acids (VFAs) were analyzed using a gas chromatograph (Varian 8500, Varian
Inc., Toronto, Canada) with a flame ionization detector (FID) equipped with a fused silica
column (30m × 0.32 mm). Helium was used as a carrier gas at a flow rate of 5 mL/min. The
temperatures of the column and detector were 110 and 250 °C, respectively.
Table 3-1. operational conditions in IBRCS
R1 phase
1

R1 phase
2

R1 phase
3

R2 phase
1

R2 phase
2

R2 phase
3

Glucose (g/L)

10

2.5

10

10

2.5

10

Cellobiose (g/L)

0

2.5

0

0

2.5

0

Xylose (g/L)

0

2.5

0

0

2.5

0

Arabinose (g/L)

0

2.5

0

0

2.5

0

Initial sugar conc.
(g/L)

10

10

10

10

10

10

pH

5.5

5.5

5.5

5.5

5.5

5.5

SRTa (h)

42 ± 9

60 ±11

49 ±16

40 ± 8

62± 11

58 ± 11

HRTb (h)

8

8

8

8

8

8

OLRc (gCOD/L/d)

32.1

32.1

32.1

32.1

32.1

32.1

a Sludge retention time, b Hydraulic retention time, c Organic loading rate

Statistical Testing
The significance of the observed differences in VSS in each of the two reactors at the different
operational phases as well as between the two reactors during the same phase were evaluated
using the standard t-test approach at the 95% confidence level.
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Microbial analysis
Illumina high-throughput sequencing was used to examine the microbial communities
present in anaerobic digester sludge (ADS) collected from the two identical reactors after
each phase. Sludge samples were prepared and DNAs were extracted, quantified, and
normalized as described by Gupta et al. (2014). DNAs were subjected to polymerase chain
reaction (PCR) amplification of the 16S ribosomal (r) DNA. QIIME (Quantitative Insight
Into Microbial Ecology) software was used to identify the taxonomic diversity in the
microbial communities. QIIME generated community diversity within sample (alpha
diversity) and β-diversity between microbial communities and represented in the form of
rarefaction curves and principle coordinate analysis (PCoA) respectively.
Alpha-diversity demonstrates the mean diversity of microorganisms in a particular habitat;
i.e. the variety of species found in a particular eco-system. In microbial ecology, the most
common way of explaining alpha diversity (diversity within the sample) is through the use
of rarefaction curves. The rarefaction analysis calculates the species richness for a given
number of samples (Hughes et al., 2001). Rarefaction curves were created using the QIIME
software which plots the curves between the number of sequence per sample and chao1
values (Chao, 1984).
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Results and Discussion
Biohydrogen production in IBRCSs
Figures 3-1a and 3-1b show the temporal hydrogen production rates and yields in R1 and R2,
respectively. After 6 days of continuous operation, the two IBRCS, R1 and R2, showed a
stable performance at an OLR of 32.1 g COD/L/d, with average hydrogen production rates
of 62.3 ± 4.31 L H2/ d and 66.8 ± 2.95 L H2/ d, respectively, and hydrogen yields of 2.1 ±
0.15 mol H2/ mol glucose consumed and 2.3 ± 0.1 mol H2/ mol glucose consumed,
respectively. The reactors were then tested at the same OLR with a mixture of (glucose,
cellobiose, xylose and arabinose) 2.5 g/L each for 6 days (phase 2). The average hydrogen
production rates and yields decreased dramatically to 35.2 ± 6.6 L H2/ d, 35.6 ± 9.4 L H2/ d,
and 1.08 ± 0.2 mol H2/ mol sugar consumed, 1.1 ± 0.29 mol H2/ mol sugar consumed, for R1
and R2, respectively. It is obvious from Fig. 3-1a that the hydrogen production rates dropped
sharply on the day after switching the feed from glucose to mixture of C5 & C6 sugars from
67.2 L H2/ d to 45.3 L H2/ d, and from 65.5 L H2/ d to 49.1 L H2/ d in R1 and R2, respectively.
Similarly, in Fig. 3-1b, the hydrogen production yields declined markedly from 2.3 mol H2/
mol sugar consumed to 1.39 mol H2/ mol sugar consumed, and from 2.2 mol H2/ mol sugar
consumed to 1.51 mol H2/ mol sugar consumed in R1 and R2, respectively. Both hydrogen
production rates and yields decreased gradually to 21.8 L H2/ d, 28 L H2/ d, and 0.67 mol H2/
mol sugar consumed, 0.86 mol H2/ mol sugar consumed in R1 and R2, respectively after 6
days of operation. Consequently, the feed was switched to glucose at a concentration of 10
g/L (phase 3) to test the systems recovery. It is clear from Figures 3-1a and 3-1b that both R1
and R2 almost produced stable hydrogen production rates and yields of 32.1 ± 5.2 L H2/ d,
29.6 ± 4 L H2/ d, and 1.1 ± 0.18 mol H2/ mol glucose consumed, 1.0 ± 0.14 mol H2/ mol
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glucose consumed, respectively in phase 3. The results of this study confirm the findings of
the experimental data from CSTRs operated at an influent xylose concentration of 4 g/L, pH
8, and 30°C by Temudo et al. (2009), who observed a yield of 0.65 mol H2 /mol xylose, with
complete gas cessation 2 hours after switching to xylose and glucose together at a
concentration of 2 g/L each. A possible explanation for the reduction in hydrogen yields
resulting from feed changes is that the other hydrogen producers may have been washed out
during culture enrichment on glucose in phase 1. Even though the whole substrate mixture
in phase 2 was completely consumed, yields of 1.08 and 1.1 mol H2/ mol sugar consumed in
R1 and R2 were totally unexpected. The reduction in hydrogen yields is in agreement with
the decrease observed by Arreola-Vargas et al. (2013) who obtained a yield of 2 mol H2/mol
sugar consumed in an anaerobic sequencing batch reactor (ASBR) at 35ºC and a pH of 4.5
using anaerobic granular sludge and a mixture of glucose/xylose on COD basis (2.5 gCOD/L
each). In the aforementioned study, by gradually substituting the initial glucose/xylose
substrate with oat straw acid hydrolysate, a reduction in the yield to 0.59 mol H2/mol sugar
consumed was observed using glucose/xylose and acid hydrolysate at a concentration of 2.5
g COD/L each. Abreu et al. (2012) demonstrated that differences in simple sugars uptake
can be explained by the different metabolic pathways of C5 versus C6 sugars.
Average biogas H2 content in R1(Table 3-2) were 52 ±3%, 43 ±4%, and 37 ±4% in phases 1
to 3, respectively, as compared to 56 ±3%, 41 ±6% and 35 ±3% in R2, with the rest being
CO2. It is obvious from the data shown in Table 3-2 that the hydrogen content of the biogas
decreased throughout the study with H2 in phase 3, 20% lower than phase 1. CH4 was not
detected in both reactors throughout the study.
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Figure 3-1. Hydrogen production rate (a) and hydrogen production Yield (b) in R1
and R2.
Reactor VSS concentration is an important operational parameter that affects both system
stability and hydrogen yield. As shown in Table 3-2, and Figure 3-2a, the average
concentrations of VSS in both reactors R1 and R2 in phase 1 were, 5220±501 mg/ L and
5044±653 mg/ L, respectively, 5145±415 mg/ L and 5842±443 mg/ L, respectively, in phase
2, and 5688±548 mg/ L and 6246±336 mg/ L, respectively, in phase 3. In total, 9 paired t78

tests have been used to evaluate the differences in biomass concentrations between various
operational phases in the same reactor as well as between the two reactors in the same phase.
Eight out of nine t-tests showed that differences between the biomass concentrations were
not significant at the 95% confidence level. The difference between the biomass
concentrations in R2 during phase1 and phase 3 were significant, presumably due to the good
settling in R2 phase 3. The biomass-specific hydrogen production rate for both R1 and R2
were 1.74±0.15 and 1.95±0.27 L H2/gVSS-d in phase 1, 0.95±0.23 and 0.73±0.1 L H2/gVSSd in phase 2, and, 0.75±0.06 and 0.66±0.11 L H2/gVSS-d, in phase 3 (Figure 3-2b and Table
3-2). The average biomass yields observed in R1, in phases 1 to 3 were 0.1±0.2, 0.07±0.01
and 0.1±0.02 g VSS/g sugar converted, respectively, as compared to 0.11±0.02, 0.083±0.02
and 0.9±0.02 g VSS/g sugar converted, respectively in R2. In light of literature findings, there
is an inverse relationship between the biomass and hydrogen yields (Hafez et al., 2010).
These results revealed that the observed biomass yields are in line with those reported by
Hafez et al. (2009) of 0.1 gVSS/g glucose. Additionally, statistical analysis using t-test has
been conducted between the biomass yields obtained during the three phases in both reactors
and showed that the differences were significant at the 95% confidence level between phase
1 and phase 2 in both reactors, R1 and R2, however, the differences were insignificant at the
95% confidence level between phase 1 vs phase 3 and phase 2 vs phase 3 in both reactors.
This suggests that the decline in hydrogen production yield to 1 mol H2/mol sugar added in
phase 2 compared to 2.3 mol H2/mol sugar added in phase 1 could be due to the significant
difference in the biomass yield. On the other hand, the average food-to-microorganisms’ ratio
(F/M) in R1, in phases 1 to 3 were 6.7, 7.2, and 6 gCOD/gVSS-d, respectively, as compared
to 6.9, 6, and 5.4 gCOD/gVSS-d, in R2 (Figure 3-2c). It is obvious from the literature that
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biohydrogen production is very sensitive to the F/M ratio. Hafez et al. (2010) reported that
the optimum F/M ratio for biohydrogen reactors is 4.4–6.4 gCOD/gVSS-d. Although the
results obtained from R1 and R2 in phases 2 and 3 were within the optimum range reported
in the literature (Hafez et al., 2010; Haroun et al., 2016), the hydrogen yields were
significantly lower than in phase 1 at a higher F/M ratio. This could be attributed to the
change in feed composition (Arreola-Vargas et al., 2013; Gadow et al., 2013; Temudo et al.,
2009) and soluble by-products (Arreola-Vargas et al., 2013).
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Figure 3-2. VSS (a), Specific hydrogen production rate (b), and F/M ratio(c) in R1and
R2.
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Table 3-2. Summary of steady state data in R1&R2
phase 1

phase 2

phase 3

Measured parameter
R1

R2

R1

R2

R1

R2

HPRa (L/d)

62.3 ± 4.31

66.8± 2.95

35.2 ± 6.6

35.6 ± 9.4

32.1 ± 5.2

29.6 ± 4

HPR (L/L/d)

8.9 ± 0.62

9.5 ± 0.44

5.03 ± 1.23

5.12 ± 1.59

4.59 ± 0.74

4.26 ± 0.63

HPYb (mol/mol)

2.1 ± 0.15

2.3± 0.1

1.08 ± 0.2

1.1 ± 0.29

1.1 ± 0.18

1 ± 0.14

Hydrogen gas %

52 ± 3

56 ± 3

43 ± 4

41 ± 6

37 ± 4

35 ± 3

F/Mc (gCOD/gVSS-d)

6.7 ± 0.50

6.9 ± 0.86

7.2 ± 0.54

6 ± 0.63

6.0 ± 0.6

5.4 ± 0.3

VSSdReactor (mg/L)

5220 ± 501

5044 ± 653

5145 ± 415

5842 ± 443

5688 ± 548

6246 ± 336

Specific H2 Production Rate
(L/gVSS-d)

1.74 ± 0.15

1.95 ± 0.27

0.95 ± 0.23

0.73 ± 0.1

0.75 ± 0.06

0.66 ± 0.11

Biomass Yield (gVSS/g
sugar)

0.1 ± 0.02

0.11 ± 0.02

0.07 ± 0.01

0.083 ±.02

0.1 ± 0.02

0.09 ± 0.02

% CODe removal

15.1± 6.1

15.7 ± 2.8

12.6 ± 0.3

11.1 ± 1.6

16.1± 3.5

12.9 ± 3.5

Sugar Conversion (%)

99.9 ± 0.8

99.9 ± 0.7

97.6 ± 2.1

98.2 ± 1.8

99.7 ± 0.9

99.4 ± 1.0

a Hydrogen production rate, b Hydrogen production yield, c Food-to-microorganisms’ ratio, d Volatile suspended solids,
e Chemical oxygen demand
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Systems recovery in biohydrogen production is different than in biomethane production. For
example, Gomez-Tovar et al. (2012) studied methane production from oat straw acid
hydrolysate in an up-flow anaerobic sludge blanket (UASB) using methanogenic granular
sludge acclimatized with glucose/xylose at a pH of 7.5 and HRT of 24 h. The reactor was fed
initially with glucose/xylose at a concentration of 0.5 g COD/L (1:1, COD basis). After 35
days, when the feed was changed from the mixture of glucose/xylose to the oat straw acid
hydrolysate (which typically contains inhibitors such as furfural and/or hydroxymethyl
furfural), the reactor failed, after which upon changing the feed composition back to glucose/
xylose, the reactor reached a stable phase. This suggests that recovery of biomethane reactors
is feasible as the failure accompanying the acid hydrolysate feed was due to toxic compounds,
such as furfural or hydroxymethyl furfural (Gomez-Tovar et al., 2012). On the contrary,
Baghchehsaraee et al. (2011) investigated the revivability of mesophilic biohydrogenproducing bacteria after a period of feed interruption in a CSTR at a pH of 5.5 using glucose
at a concentration of 20 g/L. A yield of 1.36 mol H2/mol glucose consumed was obtained
before feed interruption, which decreased to 0.29 mol H2/mol glucose when the system was
restarted up at a pH of 4.5 and glucose at concentration of 20 g/L. Hardly, a yield of 0.7 mol
H2/mol glucose was obtained when the initial glucose concentration was reduced to 10 g/L
together at a pH of 5.1 after the feed interruption. The marginal recovery observed in the
aforementioned study is in agreement with the observations of the present study.
Acclimatization of biohydrogen microbial cultures is different than methanogenic cultures as
the change in influent sugars can negatively affect biohydrogen producers, with negligible to
almost no impact on methanogens. Not only are non-hydrogen producers washed out during
the acclimatization in biohydrogen production but also other hydrogen producers which are
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not particularly specific to the feed substrate. In the present study, when the feed was reverted
to 10 g/L of glucose in phase 3 to test the systems recovery, the yield was approximately the
same as in phase 2 and 50% lower than in phase 1 which had been fed with the same feed
concentration and composition, i.e. no improvement was observed. The reduction in the yield
in this study confirms the findings of the experimental data reported by Arreola-Vargas et al.
(2013) who observed a reduction in the yield from 2 to 0.59 mol H2/mol sugar consumed
when the feed was gradually changed from glucose/xylose to a mixture of glucose/xylose
and acid hydrolysate. On the contrary, Gomez-Tovar et al. (2012) studied the impact of
gradual change of substrate in a UASB on biomethane production using glucose/xylose at a
concentration of 1.0 g COD/L (1:1, COD basis), a pH of 7.5, and an organic loading rate of
1.0 gCOD/L/d prior to gradual shifting to oat straw acid hydrolysate at an organic loading
rate of 12 gCOD/L/d, and interestingly an increase in the methane yield from 0.26 L CH 4/g
COD removed to 0.34 L CH4/g COD removed was observed. Moreover, the aforementioned
UASB responded favorably to a sudden change in feed from glucose/xylose mixture to 1:1
(sugar mixture: enzymatic oat straw hydrolysate). This suggests that the response of
hydrogen-producing bacteria to the feed changes is different from methanogens which
readily sustain changes in the feed.
The COD mass balances for both reactors, computed considering the measured influent and
effluent CODs, and the equivalent CODs for both gas and biomass are shown in Table 3-3.
COD balance closures in R1 in Phases 1 to 3 were 105±9%, 94±8% and 98±6% while in R2,
COD closures of 108±4%, 96±6% and 102±5% were observed, respectively. The closure of
COD balances confirms the reliability of the data. Total volatile fatty acids (TVFAs) in R1
accounted for 92.8%, 90.1%, and 94.1% of the SCOD in phases 1 to 3 compared to 91.3,
84

86.4, and 88.9 in R2 in phases 1 to 3, respectively. During the experiment, acetate, butyrate,
and propionate were the main liquid products but the predominant VFA was different in each
phase. Using the stoichiometric yield of 4 and 2 mol H2/mol glucose as described later and
according to the measured average concentrations of acetate and butyrate, the contribution
of the two pathways was estimated.
Figure 3-3 depicts the steady-state effluent VFA concentrations in both reactors throughout
the three phases of operation. According to the metabolic products of glucose and mixed
pentose and hexose fermentation in this study, the results of this study seem to confirm
literature findings that substrate inhibition occurs and results in either changes in metabolic
pathways or microbial shifts (Arreola-Vargas et al., 2013; Temudo et al., 2009). It is obvious
from the data that acetate was the main soluble product in both R1 and R2 in phase 1, while
propionate was the main soluble product in both R1 and R2 in phases 2 and 3. It is clear that
the fermentation characteristics in each phase including yields of hydrogen and soluble byproducts were clearly different for the various substrates. In phases 2 and 3, the lower
hydrogen yield was accompanied with higher propionate production of 0.55 mol propionate
/mol sugar added (accounting for 42% of TVFAs on COD basis) and 0.69 mol propionate
/mol sugar added (52% of TVFAs on COD basis), respectively compared to 0.4 mol
propionate /mol sugar added (30% of TVFAs) in phase 1 (see Fig. 3-3). The higher
propionate results observed in the present study are in agreement with those obtained by
Arreola-Vargas et al. (2013) who observed an increase in propionate concentration from 682
mg/L to 1380 mg/L upon switching the feed from glucose/xylose and oat straw acid
hydrolysate at a concentration of 2.5 gCOD/L each to enzymatic oat straw hydrolysate at a
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concentration of 5 gCOD/L in an anaerobic sequencing batch reactor (ASBR) at a pH of 4.5
and 35 ºC using anaerobic granular sludge.
High acetate/butyrate molar ratios were observed during this experiment. Although some of
the previous studies indicated that the hydrogen yield increases with the molar ratio of
acetate/ butyrate (O-Thong et al., 2009; Rodrȋguez et al., 2006), this was not observed in the
present study because of the high propionate concentrations. In R1 during phase 3, although
the molar ratio of acetate/ butyrate was as high as 6.8 (Fig. 3-3), the hydrogen yield was 1.1
mol H2/ mol glucose as compared to 2.1 mol H2/ mol glucose with acetate/ butyrate molar
ratio of 4.02 in R1 during phase 1. This could be attributed to the higher propionate
concentration in R1of 4.4 gCOD/L in phase 3 compared to 2.7 gCOD/L in phase 1.
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Table 3-3. Summary of products and COD mass balance in R1 &R2
phase 1

phase 2

phase 3

Measured parameter
R1

R2

R1

R2

R1

R2

VSSa reactor (mg/L)

5220 ± 501

5044 ± 653

5145 ± 415

5842 ± 443

5688 ± 548

6246 ± 336

VSS out (mg/L)

1010 ± 150

1140 ± 220

680 ± 100

800 ± 160

1010 ± 270

900 ± 150

VSS out (mgCOD/d)
SCODb out (mg/L)

30030 ±
4600
8910 ± 650

33960 ±
6630
8900 ± 430

20280 ± 2880 23760 ±
4680
9230 ± 610
9400 ± 510

30120 ±
8020
8840 ± 610

26760 ±
4600
9320 ± 300

Acetic (mg/L)

3220 ± 420

3270 ± 380

2540 ± 270

2570 ± 130

2600 ± 300

2460 ± 240

Butyric (mg/L)

1170 ± 220

1190 ± 250

1090 ± 170

1070 ± 110

680 ± 270.

770 ± 160

Propionic (mg/L)

1800 ± 230

1640 ± 270

2400 ± 210

2270 ± 130

2900 ± 430

2840 ± 190

TVFAc (mgCOD/L)

8270 ± 1180

8130 ± 1160

8320 ± 300

8130 ± 320

8390 ± 560

8300 ± 100

Glucose out (mg/L)

0

0

0

0

0

0

Soluble carbohydrate
out (mg/L)
Hydrogen gas (L/d)

0

0

230 ± 100

80 ± 30

0

0

62.3 ± 4.31

66.8± 2.95

35.2 ± 6.6

35.6 ± 9.6

32.1 ± 5.2

29.6 ± 4

Hydrogen gas (gCOD/d)

39.5 ± 3.49

42.1 ± 1.95

22.24 ± 4.17

22.5 ± 6.1

20.29 ± 3.29

18.83 ± 2.79

COD balance (%)

105 ± 9

108 ± 4

94 ± 8

96 ± 6

98 ± 6

102 ± 5

a Volatile suspended solids, b Soluble chemical oxygen demand, c Total volatile fatty acids
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Figure 3-3. Metabolic by-products, acetate to butyrate molar ratio (HAc/HBu), and
propionate/TVFAs ratio in R1 and R2

Stoichiometry of hydrogen fermentation in the IBRCS
The contributions of the various pathways were estimated based on the measured
concentrations of acetate, butyrate, and propionate. Theoretically 2 moles of hydrogen and 1
mole of acetate or butyrate (Equations (3.1) and (3.2)) are generated from 1 mole of glucose
while 1 mole of hydrogen is consumed when 1 mole of propionate is formed (Equation;
(3.3)).
C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2 (3.1)
C6H12O6 → C3H7COOH + 2CO2 + 2H2 (3.2)
C6H12O6 + 2H2 → 2 C2H5COOH+ 2H2O (3.3)
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On the other hand, pentose (C5) sugars can be converted to hydrogen with a maximum yield
of 3.33 mol H2/mol pentose when acetate is produced as the fermentation by-product (Eq.
(3.4)). Meanwhile, a lower yield of 1.67 mol H2/mol pentose is produced by the butyrate
pathway as shown in equation (3.5). Theoretically, a 9 % drop in the hydrogen molar yield
was expected when hexose (C6) sugars were replaced by a mixture of pentose and hexose.
However, approximately a 50% reduction in the yield was observed, from 2.1 mol H2/ mol
glucose to 1.08 mol H2/ mol sugar and from 2.3 mol H2/ mol glucose to 1.1 mol H2/ mol
sugar in R1 and R2, respectively.
C5H10O5 + 1.67H2O → 1.67CH3COOH + 1.67CO2 + 3.33H2 (3.4)
C5H10O5 → 0.83C3H7COOH + 1.67CO2 + 1.67H2 (3.5)
Comparison of theoretical hydrogen production based on the acetate and butyrate and
measured H2 produced in both R1 and R2 is given in Table 3-4. The experimentally observed
H2 production was consistent with the theoretical H2 produced in all three phases for both R1
and R2, with differences varying from -10% to 15% of the theoretical yields.
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Table 3-4. Theoretical hydrogen production based on the acetate and butyrate produced in R1&R2
Acetic
acid

Butyric
acid

Propionic
acid

From
Acetic
acid

From
Butyric
acid

From
Propionic
acid

Theoretical
H2

Measured
H2

%
difference

g/L

g/L

g/L

LH2/d

LH2/d

LH2/d

LH2/d

L/d

%

R1- phase 1

3.22

1.17

1.8

57

14

-13

58

62.3

-7

R2- phase 1

3.27

1.19

1.64

58

14

-12

61

66.8

-10

R1- phase 2

2.54

1.09

2.4

45

13

-17

41

35.2

14

R2 - phase 2

2.57

1.07

2.27

46

13

-16

42

35.6

15

R1- phase 3

2.6

0.68

2.9

46

8

-21

33

32.1

4

R2 - phase 3

2.46

0.77

2.84

44

9

-20

33

29.6

9

Reactor name
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Microbial community analysis
3.3.3.1 Alpha-diversity and species richness
The species richness enhanced by glucose and by a mixture of C5 & C6 sugars in both reactors is
illustrated in Figure 3-4a. The alpha-diversity curves suggest that the changes in substrate caused
significant variation in the bacterial richness and diversity of microorganisms in the IBRCS
system. The rarefaction curves affirmed that glucose (Phase 1) supported the greatest number of
Operational Taxonomic Units (OTUs) compared to other phases in both reactors (Figure 3-4a, A
& D). As apparent from Figure 3-4a the microbial diversity observed in Phase 1 in both reactors
(Figure 3-4a, A & D), with glucose was much higher than phases 2 (Figure 3-4a, B & E) and phase
3 (Figure 3-4a, C & F).
The numbers of species observed in each reactor is shown in Figure 3-4b. Glucose supported a
greater number of species compared to the mixture of C5 and C6 sugars substrates in Phase 2. On
the other hand, the total numbers of species observed in Phase 3, when glucose was again used as
the substrate were not higher than in Phase 2 in both reactors, confirming the incomplete
reversibility of the microbial shift.
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Figure 3-4. Alpha diversity Analysis (Rarefaction analysis) of microbial communities
grown (a) and total numbers of observed species (b) in the IBRCS. A) R1-Phase 1; B) R1Phase 2; C) R1-Phase 3; D) R2-Phase 1; E) R2-Phase 2; F) R2-Phase 3

3.3.3.2 Distance UniFrac metric analysis of metagenomic data
Beta-diversity explains the community diversity and evenness, and the relationships between
them. The weighted UniFrac and Principal coordinate Analysis (PCoA) reflect the β-diversity,
because these clearly define the species similarity and diversity in various reactors in the different
phases. Unifrac metric cluster analysis utilizes the phylogenetic relationship between the
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communities in the ecosystem (Legendre et al., 2005). The combination of UniFrac distance metric
and statistical analysis reflects the similarity and dissimilarity between the microbial samples. The
taxa in each sample were clustered in a phylogenetic tree and the UniFrac distance values were
created separately (Lozupone et al., 2011). The similarity between the microbial consortia in both
reactors in each phase is depicted in Figure 3-5.

Figure 3-5. Principal co-ordinate analysis of bacterial metadata collected from the IBRCS
with different phases. A) R1-Phase 1; B) R1-Phase 2; C) R1-Phase 3; D) R2-Phase 1; E) R2Phase 2; F) R2-Phase 3
Axis 1 of the PCoA plot explained 67.5% of the variation in the same reactor between various
phases, while axis 2 explained 16% of the variation between the reactors in each phase. The OTUs
of microorganisms grown on similar substrates clustered together (A&D, B&E, and C&F) (Fig. 35), suggesting the diversity between the two reactors was very similar in all three phases.
Moreover, we can see that there are significant differences in the bacterial communities grown on
the different substrates in the reactors. Phases 1, 2, and 3 communities showed distinct UniFrac
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distances and are each clustered separately. Comparisons between the phases in the reactors were
also performed using PERAMANOVA software to obtain statistical significance and p-values.
This analysis also clearly showed that the variability between phases 1 to 3 in the IBRCS was
significant (p-value < 0.05). During all three phases, the observed differences in microbial
communities between the two reactors were statistically insignificant at the 95% confidence level.
Overall, in conclusion, the Beta-diversity investigation showed that the microbial growth pattern
was altered when the substrates were changed from glucose to a mixture of C5 & C6 but at the
same time when the reactors were fed with glucose again, they did not reveal similarity with
phase 1.

3.3.3.3 Identification of key phylotypes responsible for biohydrogen
production in the IBRCS
A multivariate analysis, partial least square discriminant analysis (PLS-DA) was used to identify
the microbial consortia that produced hydrogen in the reactors from glucose and a mixture of
pentose and hexose sugars. A total of 47 OTUs with VIP (variable influence on projection value)
> 0.01 were selected to evaluate the shift in the microbial population due to changes in the feed
substrates. Total OTUs were distributed among phyla such as Actinobacteia, Bacteroides,
Firmicutes, Proteobacteria, and Synergistetes.
The microbial culture of Phase 1 in R1 was significantly dominated by the Phylum Firmicutes,
such as Ethanoligenes (g), Clostridium (g) and, Bulleidia (g) which comprised 18.5%, 18.3%, and
16.4% of the total population, respectively. Other species such as Megasphaera (g),
Coriobacteriaceae (f), and Bacteroidales (o) made up 12.3%, 5.3%, and 11.1% of the total
microbial population. In R1 Phase 2, when the substrate was a mixture of C5 and C6 sugars, species
of Megasphaera (g) (28.1%), Coriobacteriaceae (f) (17.8%), Bifidobacterium (g) (10.7%), and
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Bacteroidales (o) (14.4%), were dominant. The aforementioned species were present at low
percentages in Phase 1, while species of the genus Clostridium and Ethanoligenes were present in
R1 phase 2 at small percentages comprising 2.1% and 3.2% of the total population, respectively.
In phase 3 when glucose was the sole carbon source, species of Ethanoligenes (g) (18.3%),
Megasphaera (g) (22%), Coriobacteriaceae (f) (9.6%), Bifidobacterium (g) (8.8%), and
Bacteroidales (o) (6.1%), were dominant in R1. Therefore, it can be concluded that the
Ethanoligenes bacteria favor glucose. OTUs in the Phylum Proteobacteria, such as
Enterobacteriaceae (f), Klebsialla (g), Pseudomonadacea (f), and E6 (g), which belong to the
Phylum Synergistetes, were present in all phases.
Similar to R1, the OTUs detected in R2 phase 1 were Clostridium (g) (34.7%), Ethanoligenes (g)
(8.1%), Bacteroidales (o) (12%) and Ruminococus (g) (8.2%). These species existed at comparable
percentages in R1 during Phase 1. In R2 during Phase 2 the microbial culture was significantly
dominated by Megasphaera (g) (21.9%), Coriobacteriaceae (f) (22.8%), Bifidobacterium (g)
(13.5%), Bulleidia (g) (10.2%), Bacteroidales (o) (7.7%), and Ruminococus (g) (6.5%), with low
percentages of Clostridium (g) and Ethanoligenes (g) of 5% and 0.55% of the total population,
respectively. In R2 during phase 3, OTUs in the genus Megasphaera (36.9%) were the major
dominant species. However, OTUs in the Coriobacteriaceae family (11.5%) and in the genus
Ethanoligenes (11.3%) were the next most prevalent species in R2 during phase 3. The other
species, i.e. OTUs in the genus Bifidobacterium, Bulleidia, and Clostridium were comparatively
low in quantity and comprised 6.1%, 5.5%, and 0.5% of the total population, respectively. The
presence of OTUs in the genus Ethanoligenes in phase 3 revealed that these species favor glucose
over the mixture of C5&C6 sugars. Megasphaera (g), Coriobacteriaceae (f), and Bifidobacterium
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(g) were the most prevalent species in both phases 2 and 3 and collectively represented 56.6% and
40.3% in R1, and 58.2% and 54% in R2, respectively, of the total microbial population.
Certain taxa were significantly enriched in the IBRCS while others were washed out. OTUs in the
genus Clostridium which are well-known H2 producers through acetate and/or butyrate pathways
(Azbar and Levin, 2012), were washed out in phases 2 and 3 and decreased by 88.5% and 95.5%,
in R1 and 85.6% and 98.5% in R2, respectively, thus rationalizing the hydrogen yield decrease in
phases 2 and 3. OTUs in the genus Ruminococcus, which also produce acetate and H2 during
glucose fermentation with an observed H2 yield of 2 mol/mol glucose (Ntaikou et al., 2009), also
decreased in phases 2 and 3 in both R1 and R2 relative to phase 1. Bacteria in the genus
Ethanoligenens are a dominant mesophilic H2 producing bacteria from glucose (Xing et al., 2008).
Ethanoligenens sp. are known to produce acetate with a H2 yield of 1.83 mol/mol glucose (Azbar
and Levin, 2012). About 82.3% and 93.1% of the genus Ethanoligenens were washed out in R1
and R2, respectively in phase 2 with a mixed feed of C5 & C6 sugars. However, in phase 3,
Ethanoligenens constituted the same percentage of the population, as in phase 1 in both reactors,
suggesting that glucose is favorable for the genus Ethanoligenens. The high percentage of the
aforementioned three species i.e. Clostridium, Ruminococcus, and Ethanoligenens in phase 1 with
the ability to produce hydrogen through the acetate pathway supports the observed predominance
of acetate and the relatively high hydrogen yields of 2.1 and 2.3 mol H2/ mol glucose in phase1 in
R1 and R2, respectively.
On the other hand, bacteria in the genus Megasphaera are known as propionate producers from
carbohydrates and lactate (Kim and Shin, 2008) with poor hydrogen production ability (Ohnishi
et al., 2010). It is obvious from the microbial community analysis that the genus Megasphaera
increased by 128.4% and 78.5% in R1 in phases 2 and 3, and 126% and 281.8% in R2 phases 2
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and 3, respectively, compared to phase 1, thus rationalizing the hydrogen yield decrease in phases
2 and 3. The family Coriobacteriaceae are capable of producing small amount of H2 from glucose
with predominantly lactic acid and acetic acid as soluble by-products (Dewhirst et al., 2001). The
family Coriobacteriaceae increased by 241% and 83% in R1 in phases 2 and 3, and 545% and
224% in R2 in phases 2 and 3, respectively, compared to phase 1. This suggests that the lactate
produced by Coriobacteriaceae bacteria may have been utilized by Megasphaera bacteria and
propionate may have been produced as a result of lactate fermentation since lactate was not
observed in the systems. OTUs in the genus Bifidobacterium, non-hydrogen producing bacteria,
were detected in biohydrogen reactor using starch (Cheng et al., 2008). The aforementioned study
concluded that the non-hydrogen producing bacteria such as Bifidobacterium sp. could participate
in the fermentation process by breaking down complex molecules into smaller molecule first
helping hydrogen production from simple sugars. The genus Bifidobacterium increased by 2105%
in R1 and 216% in R2 in phase 2 as compared to phase 1, presumably due to the influent cellobiose.
Furthermore, when cellobiose was removed from the feed in phase 3, the population of
Bifidobacterium decreased by 18% in R1 and 55% in R2.
In summary, this experiment was performed to understand the response of the microbial cultures
to feed changes in the IBRCS. Changing the feed substrates during biohydrogen production in
continuous-flow systems affected the population of non-hydrogen producers as well as the
hydrogen producers, where certain taxa increased and others were significantly washed out. The
reactors were dominated by OTUs in the genus Ethanoligenes, Clostridium, Bulleidia, and
Ruminococcus in phase 1. On the other hand, after changing the feed from glucose to a mixture of
C5 & C6, the microbial population was found to be dominated by OTUs in the Coriobacteriaceae
Family, and genera Megasphaera and Bifidobacterium. When the feed was switched back to
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glucose, the aforementioned species were observed in addition to the genus Ethanoligenes. Species
of bacteria in the Enterobacteriaceae and Pseudomonadaceae families, and the genus Klebsialla,
Rhodobacter, and E6 were present in all phases indicating that these species are not affected by
substrates changes.
It is noteworthy that there is a difference in microbial culture recovery between methanogenic and
biohydrogen production (acidogenic) in continuous-flow systems. The methanogenic systems are
complete digestion systems which include four main degradation steps; hydrolysis, fermentation
or acidogenesis, acetogenesis and methanogenesis in which each step is predominantly carried by
specific microorganisms, which results in a vast microbial diversity. On the other hand, the
biohydrogen production process is not a complete treatment (digestion) process, but rather is a
conversion process during which complex organic matter is converted to VFAs and/or alcohols in
addition to hydrogen and carbon dioxide with relatively lower microbial diversity. Traditionally
methanogens have been known to be the most susceptible to toxicity and hence the inactivation of
methanogens in biohydrogen cultures would be expected to enhance the resilience of the microbial
culture (Elbeshbishy et al., 2010). The revivability and the response of biohydrogen microbial
culture to influent changes observed here and in other studies relative to methanogenic consortia
are counter intuitive and clearly refute common perception, warranting further investigation.

Summary and Conclusions
The outcome of this study revealed that despite acclimatization, in continuous-flow systems, the
hydrogen yield is negatively affected by influent changes to different, though comparably
biodegradable, substrates. The following specific conclusions can be drawn:
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•

The average hydrogen yields in phases 1, 2 and 3 were 2.1, 1.08, and 1.1 mol H2/ mol
sugar in R1 and 2.3, 1.1, and 1.0 mol H2/ mol sugar in R2, respectively.

•

25% and 28% higher propionate was observed in phase 2 in R1 and R2, respectively, and
37% and 42% in phase 3 in R1 and R2, respectively, compared to phase 1.

•

In phase 1, concomitant with the high hydrogen yields, the microbial cultures in both
reactors were predominantly acetate-producing bacteria i.e. Ethanoligenes, Clostridium,
and Ruminococcus while Coriobacteriaceae and the propionate-producing Megasphaera
were predominant in phases 2 and 3 when the hydrogen yield diminished.
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Chapter 4 *

4

Response of Acclimatized Mesophilic Biohydrogen Cultures
to Feed Changes.
Introduction

Lignocellulosic wastes are the most plentiful raw materials in nature (Ren et al., 2009) and
basically consist of 35%–45% cellulose (a polymer of glucose), 25%–40% hemicellulose
(heteropolymer of hexose and pentose) and 20%–35% lignin (an aromatic organic compound).
Lignocellulosic hydrolysates can be utilized for biological hydrogen production (Mäkinen et al.,
2012) as well as bioethanol production through dark anaerobic fermentation (Sommer et al., 2004).
Because lignocellulose hydrolysates contain not only glucose, but also various monosaccharides,
such as xylose and arabinose, as well as disaccharides, such as cellobiose (Chang et al., 2011;
Monlau et al., 2013), microorganisms can efficiently ferment these sugars for biohydrogen
production. Dark fermentative hydrogen production using lignocellulosic hydrolysates has been
extensively studied (Arreola-Vargas et al., 2013; Kim and Dale, 2004; Ren et al., 2009; Ueno et
al., 2001; Wang and Wan, 2009) using various pure and mixed cultures.
Acclimatization of anaerobic digester sludge (ADS) is essential to increase the biohydrogen
production potential (Cakir et al., 2010; Liu et al., 2008; Nasr et al., 2011). In batch reactors, the
biomass is retained and no hydrogen producers are washed out during the acclimatization. The
impact of acclimatization for biohydrogen production in batches is scantly discussed in the
literature especially when the feed substrate is changed. For example, Mäkinen et al. (2012)
investigated hydrogen production from glucose and xylose in batches at a concentration of 7.5 g/L,
a pH of 6.8, and 37 ºC using a hot spring culture as inoculum acclimatized initially on glucose for

* This chapter has been published in Chemical Engineering Journal
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hydrogen production. In the aforementioned study, yields of 0.54 mol H2/mol glucose added and
0.71 mol H2/mol xylose added were obtained, suggesting that biohydrogen production could be
enhanced in batches using a culture acclimatized with either the same or different substrates than
the one ultimately used for biohydrogen production. Kim and Kim (2012) studied thermophilic
fermentative hydrogen production using acclimatized mesophilic anaerobic digester sludge in a
CSTR operated in batch mode to avert biomass washout at thermophilic temperature and pH of
5.5 for 5 days using glucose as a carbon source at a concentration of 10 g COD/L, after which the
system was switched to a continuous-flow mode using acid-hydrolysed tofu (soybeans) processing
wastewater at a concentration of 11.5 g sugar/L, when a maximum hydrogen yield of 1.78 mol
H2/mol sugar added was observed. The aforementioned acclimatized cultures was then used for
biohydrogen production in batches at 60 ⁰C and a pH of 6.8 using xylose, glucose, and cellobiose
individually at a concentration of 3 g COD/L and maximum hydrogen yields of 1.7, 2.7, and 1.3
mol H2/mol sugar added were obtained, respectively. Fangkum and Reungsang, (2011) obtained a
maximum hydrogen yield of 2.5 mol H2/mol sugar consumed (1.78 mol H2/mol sugar added) in
batches from mixed xylose/arabinose at a concentration of 5 g/L each at thermophilic temperature
using elephant dung acclimatized with a mixed xylose/arabinose of 2.5 g/L at a pH of 5.5 and 55
ºC, and obtained a yield of 1.5 mol H2/mol sugar consumed using sugar cane bagasse hydrolysate
at a concentration of 10 g/L under the aforementioned operating conditions. Cakir et al. (2010)
investigated hydrogen production from acid-hydrolyzed ground wheat starch at a concentration of
18 g sugar /L using acclimatized anaerobic digester sludge that has been fed with glucose at a
concentration of 60 g/L in batches at a pH of 5.9 and 55 ºC. A yield of 2.4 mol H 2/mol sugar
consumed (333 mL H2/g sugar consumed) was obtained compared to 1.6 mol H2/mol sugar
consumed (220 mL H2/g sugar consumed) using non-acclimatized sludge at 37 ºC, a pH of 5.9,
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and acid-hydrolyzed ground wheat at a concentration of 18 g sugar/L, with more than 85% of the
total sugar utilized.
On the other hand, in continuous-flow systems (CFS), Haroun et al. (2016a) studied the
significance of acclimatization for biohydrogen production from synthetic lignocellulose
hydrolysate in the patented integrated biohydrogen reactor clarifier system (IBRCS) using
anaerobic digester sludge at a pH of 5.5, 37 ˚C and initial glucose concentration of 10 g/L (phase
1) and reported hydrogen production yields of 2.3 mol H2/ mol glucose added. In the
aforementioned study, when the feed substrate was changed from glucose (phase 1) to a mixture
of glucose, xylose, arabinose, and cellobiose at a concentration of 2.5 g/L each (phase 2), hydrogen
production yields dropped to 1.1 mol H2/mol sugar added, due to apparent shifts in fermentative
microbial populations between phases. Temudo et al. (2009) studied hydrogen production in a
CSTR at a pH of 8 and 30°C and initial xylose concentration of 4 g/L using a mesophilic anaerobic
mixed cultures as inoculum, consisting of a mixture of two types of biomass, obtained from two
different sources, a distillery wastewater treatment plant and a sludge from a potato starch
processing, and obtained a yield of 0.65 mol H2/mol xylose added; however the aforementioned
microbial culture exhibited a sharp drop in performance during co-fermentation of xylose and
glucose at a concentration of 2 g/L each. The aforementioned authors attributed the marked
deterioration in substrate conversion to the sensitivity of the selected population to the substrate
concentration and/or increased product concentration. Haroun et al. (2016b) studied biohydrogen
production from xylose and glucose individually in continuous-flow systems at an HRT of 8 hours
and an influent concentration of 10 g/L at mesophilic temperature and a pH of 5.5 using
acclimatized anaerobic digester sludge with gradual increase in influent furfural concentrations of
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0, 0.25, 0.5, 1, 2, and 4 g/L and reported that the acclimatized culture was not inhibited by furfural
concentrations up to 1 g/L.
Co-fermentation has been demonstrated in a number of batch studies (Gupta et al., 2014; RosalesColunga et al., 2012; Xia et al., 2012) to enhance hydrogen production suggesting synergistic and
complementary effects by co-digestion. Some of the reported advantages of co-digestion are
dilution of toxic compounds, and synergistic microbial effects (Wang et al., 2013). Gupta et al.
(2014) studied the synergistic effects of co-fermentation of glucose, starch, and cellulose at a
concentration of 13.5 g COD/L using ADS on the biohydrogen production in batches at a pH of
5.5, 37 ˚C, and initial substrate-to-biomass (S0/X0) ratio of 4 gCOD substrate/g VSS biomass
(ADS). The aforementioned authors obtained hydrogen yields of 170, 140, and 21 mL H2/g hexose
added when glucose, starch, and cellulose were tested individually as mono-substrates and 197,
and 120 mL H2/g hexose added when glucose was co-fermented with starch and cellulose,
respectively, with co-substrate ratio of 1:1 based on COD basis. The H2 yields were greater by an
average of 27% ± 4% than expected in all the different co-substrate conditions, which confirmed
that co-fermentation of different substrates improved the hydrogen production potential. RosalesColunga et al. (2012) showed that hydrogen production can be increased by 36% by using a
substrate mixture of 50% glucose and 50% galactose compared to glucose alone. Prakasham et al.
(2009) reported that using glucose to xylose in the ratio of 2:3 is more effective compared to pure
compounds as carbon sources for mesophilic H2 production.
From the literature survey, it is evident that most of the literature studies on acclimatized cultures
for bio-hydrogen production whether thermophilically or mesophilically, have focused on batches,
and there is no comparative assessment of the impact of acclimatization in continuous-flow
systems and batches. Thus, the main objective of the present study was to evaluate the impact of
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feed changes on acclimatized sludge on hydrogen production using mixtures of C5 & C6 sugars
in systems that may experience washout such as continuous-flow, as well as systems that retain
biomass such as fed-batches. The novelty stems from the comparative data on response of
biohydrogen cultures to feed changes as long-term biohydrogen studies are sparsely reported due
to difficulties with averting methanogenesis.

Materials and Methods
Seed sludge
Anaerobic digester sludge (ADS) was collected from St. Mary’s wastewater treatment plant (St.
Mary’s, Ontario, Canada). In order to enrich the hydrogen producing bacteria, anaerobically
digested sludge was treated at 70 °C for 30 min (Hafez et al., 2010) to be used as seed sludge for
biohydrogen production in batch assays. The total suspended solids (TSS) and volatile suspended
solids (VSS) concentrations of the ADS were 13.4 and 8.9 g/L, respectively.

Batches set up and operations
4.2.2.1 Batch hydrogen fermentation with glucose
Four replicate batch experiments were conducted in 750 mL serum bottles (500-mL working
volume) at 37 ⁰C using glucose (B11) as a carbon source at an initial glucose concentration of 10
g/L. Volumes of substrates and seed were calculated based on an initial substrate-to-biomass
(S/X) ratio of 6.5 gCOD/gVSS using equation (4.1). The mass of volatile suspended solids added
to each bottle was 820 mg. The initial glucose concentration was 10 g/L (Table 4-1).

S/X =

𝑔
𝐿
𝑔
𝑉𝑠𝑒𝑒𝑑 (𝐿)∗𝑉𝑆𝑆𝑠𝑒𝑒𝑑 ( )
𝐿

𝑉𝑠𝑢𝑏 (𝐿)∗𝑇𝐶𝑂𝐷𝑒𝑞 ( )

(4.1)
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Where Vsub, Vseed, TCODeq and VSSseed are the volume of substrate, the volume of seed, the
equivalent total chemical oxygen demand for different sugars and volatile suspended solids of
seed, respectively. The feed contained sufficient inorganics (mg/L): NaHCO3, 3500; CaCl2, 140;
MgCl2.6H2O, 160; MgSO4.7H2O, 160; Na2CO3, 200; KHCO3, 200; K2HPO4, 15; trace mineral
solution, 500 mg/ L; H3PO4, 500 mg/L and urea, 1000 mg/L (Hafez et al., 2010). The initial pH
for the mixed solution in each bottle was adjusted to 5.50±0.1 using 2N HCl and NaOH.

4.2.2.2 Batch hydrogen fermentation with glucose, cellobiose, xylose, and
arabinose
An Automatic Methane Potential Test System (AMPTS II; Bioprocess Control, Sweden)
(Appendix A3) was used to determine the hydrogen production yields of each sugar individually
using ADS. Triplicate experiments were conducted in 500 mL working volume batches testing
glucose (B-G1), cellobiose (B-C1), xylose (B-X1), and arabinose (B-A1) individually as carbon
sources at an initial sugar concentration of 10 g/L and initial substrate-to-biomass (S/X) ratio
of 2.5 gCOD/gVSS at the abovementioned pH and temperature (Table 4-1). Nutrients were
similar to those of B11.
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Table 4-1. operational conditions

Batch name

glucose % cellobiose % xylose % arabinose% Initial sugar
conc (g/L)

VSS (mg) working
volume (mL)

S⁰/X⁰ Initial pH

B11

100

0

0

0

10

820

500

6.5

5.5

B-G1

100

0

0

0

10

2100

500

2.5

5.5

B-C1

0

100

0

0

10

2100

500

2.5

5.5

B-X1

0

0

100

0

10

2100

500

2.5

5.5

B-A1

0

0

0

100

10

2100

500

2.5

5.5

B12

100

0

0

0

10

330

200

6.5

5.5

B22

75

8.33

8.33

8.33

10

330

200

6.5

5.5

B32

50

16.66

16.66

16.66

10

330

200

6.5

5.5

B42

25

25

25

25

10

330

200

6.5

5.5

BG1-X2

0

0

100

0

10

2100

100

2.5

5.5

BC5s -C5 mix 0

0

50

50

10

2100

100

2.5

5.5

BX1-X2

0

0

100

0

10

2100

100

2.5

5.5

BC6s- C5 mix 0

0

50

50

10

2100

100

2.5

5.5

IBRCS

25

25

25

10

5394a

7000

6.14b

5.5

25

a Reactor VSS (mg/L), b Reactor F/M (gVSS/gCOD)
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4.2.2.3 Batch hydrogen fermentation with xylose, and a mixture of pentose
sugars
The AMPTS was used to determine the hydrogen production yields of xylose and a mixture of
xylose and arabinose (1:1 by mass) using the previously acclimatized cultures (see section 4.2.2.2).
Triplicate experiments were conducted in 500 mL working volume batches using xylose with
glucose-acclimatized microbial cultures (BG1-X2), xylose with xylose-acclimatized culture
(BX1-X2), a mixture of xylose and arabinose (1:1 by mass) with cultures that were previously fed
with the same mixture (BC5s-C5 mix), and a mixture of xylose and arabinose (1:1 by mass) with
cultures that were previously fed with a mixture of glucose and cellobiose (1:1 by mass) (BC6sC5 mix). All batches were conducted at an initial sugar concentration of 10 g/L and initial
substrate-to-biomass (S/X) ratio of 2.5 gCOD/gVSS at the abovementioned conditions (Table 41). A total of 2100 mg of biomass (as VSS) were inoculated in each batch bottle, resulting in an
S/X ratio of 2.5 gCOD/gVSS. The cultures from (B-G1) and (B-X1) were centrifuged at the
aforementioned conditions and used as inoculum in (BG1-X2) and (BX1-X2), respectively. The
cultures that have been used in (BC6s-C5 mix) and (BC5s-C5 mix) were acclimatized previously
with a mixture of glucose and cellobiose, and xylose and arabinose, respectively (data not shown).
The hydrogen fermentation was performed at 37 ⁰C and pH 5.5. Nutrients were similar to those of
B11.

4.2.2.4 Batch hydrogen fermentation with a mixture of pentoses and
hexoses (C5&C6) sugars
Batch cultivations were conducted at the aforementioned conditions by transferring the cultures
from the previous batch (see section 4.2.2.1) (using glucose), denoted as B11 to a new medium
containing different C5&C6 sugars (glucose, cellobiose, xylose and arabinose). The mixed liquor
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taken from B11 was centrifuged at 5000 rpm for 10 min to remove any acids and soluble substrates.
For further batch cultures, 330 mg of biomass (as VSS) were inoculated in each batch bottle,
resulting in an S/X ratio of 6.5 gCOD/gVSS. The hydrogen fermentation was conducted in 250
mL serum bottles (working volume 200 mL) and cultivated at 37 ⁰C and pH 5.5. Nutrients were
similar to those of B11. Four batches B12, B22, B32, and B42 (Appendix A4) were conducted in
duplicates with different ratios of glucose to the other sugars. B12 contained glucose at a
concentration of 10 g/L, B22 contained glucose at a concentration of 7.5 g/L and a mixture of
cellobiose, xylose, and arabinose at a concentration of 0.83 g/L each, B32 contained glucose at a
concentration of 5 g/L and a mixture of cellobiose, xylose and arabinose at a concentration of 1.66
g/L each, and B42 contained glucose, cellobiose, xylose and arabinose at a concentration of 2.5
g/L each (Table 4-1).

Continuous-flow system set up and operation
The integrated biohydrogen reactor clarifier system (IBRCSs) (Hafez et al., 2010) was operated
for biological hydrogen production at 37 °C for 23 days at an average solids retention time (SRT)
of 2.2 days, at an organic loading rate (OLR) of 32.1 gCOD/L/d and hydraulic retention time
(HRT) of 8 hours (Table 4-1). The IBRCSs comprised a continuously stirred reactor (CSTR) for
biological hydrogen production (7 L working volume), followed by an uncovered gravity settler
(volume 8 L) for the decoupling of solids retention time (SRTs) from the HRT (Hafez et al., 2010;
Haroun et al., 2016a). Water was recirculated through a water jacket to maintain a constant
temperature of 37±1 °C. Nitrogen gas was initially purged in the head space for 4-5 min at 65 psi
in order to maintain anaerobic conditions. The pH was controlled at 5.5±0.1 by a pH controller
(HANNA Instruments, Italy, HI 21series) and chemical feed pumps (Romania, BL1.5, HANNA,
Blackstone) with 2 N NaOH and HCl solutions. In order to enrich the hydrogen producing bacteria,
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anaerobically digested sludge was treated at 70 °C for 30 min. The system was fed with a mixture
of pentose (C5) and hexose (C6) sugars (xylose, arabinose, glucose, and cellobiose) 2.5 g/L each.
The feed contained sufficient inorganics as prescribed by Hafez et al. (2010). The system was
monitored for total chemical oxygen demand (TCOD), soluble chemical oxygen demand (SCOD),
volatile fatty acids (VFAs), glucose, cellobiose, xylose, arabinose, soluble carbohydrates, total
suspended solids (TSS), volatile suspended solids (VSS), and biogas composition including
hydrogen and methane. Soluble carbohydrates were determined by the phenol sulphuric acid
method, using glucose as the standard (DuBois et al., 1956). The quantity of produced biogas was
recorded daily using a wet-tip gas meter (Rebel wet-tip gas meter company, Nashville, TN, USA).
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Analytical methods
The concentrations of glucose, xylose, arabinose, cellobiose, ethanol, and lactate were analyzed
using a Refractive Index Detector (RID) (Perkin Elmer Series 200, PerkinELmer Instruments Inc.,
USA) connected to a gradient pump (GP50 Gradient pump) and chromatography oven (LC 25
Chromatography Oven) of a Dionex Ion Chromatogram. The oven was fitted with an Aminex®
HPX-87H column (BIO-RAD laboratories, USA) which separated the components. The following
parameters were used: pump flow rate: 0.6 mL/min; mobile phase: 9 mM H2SO4, column
temperature: 30 °C, and injection volume of 0.5 mL. Data was processed using ONLINE
Chromatostation software.
The biogas produced from the batches was measured using appropriately sized glass syringes in
the range of 10-100 mL (Perfektum / Popper&Sons, inc./ New Hyde Park, N.Y., Japan). H2
production was calculated from headspace measurements of gas composition and the total volume
of biogas produced, at each time interval, using the mass balance equation (4.2).
VH2,i = VH2,i-1 + CH2,i * VG,i + Vh,i (CH2,i - CH2,i-1)

(4.2)

Where VH2,i and VH2,i-1 are cumulative H2 gas volumes at the current (i) and previous (i-1) time
intervals. VG,i is the total biogas volume accumulated between the previous and current time
intervals. CH2,i and CH2,i-1 are the fractions of H2 gas in the headspace of the reactor in the current
and previous intervals, and Vh,i is the total volume of the headspace of the reactor in the current
interval (López et al., 2007). The biogas composition including hydrogen, methane, and nitrogen
was determined by a gas chromatograph (Model 310, SRI Instruments, Torrance, CA) equipped
with thermal conductivity detector (TCD) and a molecular sieve column (Mole sieve 5A, mesh
80/100, 6 ft x 1/8 in). Argon was used as a carrier gas at a flow rate of 30 mL/min and the
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temperature of the column and thermal conductivity detector (TCD) detector were 90 °C and 105
°C, respectively; methane was not produced at all during this study. The Gompertz Eq. (4.3) was
employed in this study to describe the cumulative H2 production in the batch tests (Chen et al.,
2006).

H(t) = P.exp{-exp[

R𝑚. e
p

(λ – t)+1]}

(4.3)

Where H(t) = cumulative H2 production (mL) at cultivation time t (h); P = H2 production potential
(mL); Rm = H2 production rate (mL/h); λ = lag phase (h); and e = exp(1) = 2.71828. Total and
soluble chemical oxygen demand (TCOD / SCOD) were measured using HACH methods and test
kits (HACH Odyssey DR/2500 spectrophotometer manual). TSS and VSS were analyzed using
standard methods (APHA, 1998). The concentrations of volatile fatty acids (VFAs) were analyzed
using a gas chromatograph (Varian 8500, Varian Inc., Toronto, Canada) with a flame ionization
detector (FID) equipped with a fused silica column (30m × 0.32 mm). Helium was used as a carrier
gas at a flow rate of 5 mL/min. The temperatures of the column and detector were 110 and 250 °C,
respectively.

Statistical testing
The significance of the observed differences in hydrogen yields in B11 compared to B12, B22,
B32, and B42 was evaluated using the standard t-test approach at the 95% confidence level.
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Results and Discussion
Biohydrogen production in batches
It must be asserted that for all the batches conducted in this study, discussed herein, the conversion
efficiency of all sugars, in mono substrate and mixtures was 100%. Thus, the yields reported on
sugar-added basis are identical to sugar-consumed basis.

4.3.1.1 Biohydrogen production from glucose
Preheated anaerobic digested sludge (ADS) was used for biohydrogen production from glucose at
an initial concentration of 10 g/L and S0/X0 of 6.5 in four replicate batch experiments. Table 4-2
shows the cumulative hydrogen production and a summary of the hydrogen production rates from
glucose using ADS. As depicted in Fig. 4-1 and Table 4-2, the cumulative hydrogen production
from glucose (B11) was 1202 ± 102 mL. The average hydrogen yield and specific hydrogen
production rate (SHPR) were 225 mLH2/g COD added (1.71 mol H2/mol glucose added) and 20.8

Cumulative H2 Production (mL)

mL/gVSS.h, respectively.
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Figure 4-1. Cumulative hydrogen production in batches using glucose only (B11)
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Table 4-2. Summary of the results in all batch reactors
Expected
HPY (mol
H2/mol
sugar)

Expected
HPY (mL
H2/gCOD)

264

1.70

248

1.98

278

1.52

229

44.3

1.96

284

1.36

210

20.5

41.1

1.31

208

882 ± 13

14.9

29.9

1.04

165

BX1-X2

1156 ± 52

23.1

46.2

1.36

217

BC6s- C5 mix

770 ± 17

20.8

41.6

0.91

144

Batch name

cumulative
H2 volume
(mL)

average
HPRa (mL
H2/h)

average
HPR (ml
H2/L/h)

HPYb mol
H2/mol
sugar

HPY (mL
H2/gCOD)

B11

1202 ± 102

17

34.1

1.71

225

B-G1

1211 ±37

23.3

46.6

1.72

227

B-C1

1212 ±19

21.6

43.3

1.72

227

B-X1

994 ± 20

15.3

30.6

1.17

186

B-A1

299 ± 2

4.6

9.2

0.35

56

B12

533 ± 10

7.8

38.9

1.9

250

B22

563 ± 32

8.2

41.1

1.94

B32

593 ± 9

8.7

43.3

B42

607 ± 26

8.9

BG1-X2

1109 ± 2

BC5s -C5 mix

a

HPR : Hydrogen production rate; b HPY: Hydrogen production yield
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4.3.1.2 Biohydrogen production from glucose, cellobiose, xylose, and
arabinose
ADS was used for biohydrogen production from glucose, cellobiose, xylose, and arabinose
individually at an initial concentration of 10 g/L and S0/X0 of 2.5 g COD/ g VSS. Table 4-2 shows
the cumulative hydrogen production and a summary of the hydrogen production rates from mono
sugars using ADS. As depicted in Fig. 4-2 and Table 4-2, the cumulative hydrogen production
from glucose (B-G1), cellobiose (B-C1), xylose (B-X1), and arabinose (B-A1) were 1211, 1212,
994, and 299 mL, respectively. The average hydrogen yields were 1.72, 1.72, 1.17, and 0.35 mol
H2/mol sugar added) and 227, 227, 186, and 56 mLH2/g COD added, respectively.
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Figure 4-2. Cumulative hydrogen production in batches from glucose (B-G1), cellobiose (BC1), xylose (B-X1), and arabinose (B-A1)
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4.3.1.3 Biohydrogen production from xylose, and a mixture of pentose
sugars
The acclimatized cultures that have been fed previously glucose (B-G1) and xylose (B-X1) were
transferred to BG1-X2 and BX1-X2, respectively, with a new medium containing xylose at a
concentration of 10 g/L. Additionally, the cultures that were acclimatized to a mixture of glucose
and cellobiose (1:1), and a mixture of xylose and arabinose (1:1) were transferred to BC6s-C5mix
and BC5s-C5mix, respectively, with a new medium containing xylose and arabinose at a
concentration of 5 g/L each. As depicted in Table 4-2 and Fig. 4-3, the cumulative hydrogen
production in BG1-X2, BX1-X2, BC6s-C5mix, and BC5s-C5mix were 1109,1156, 770, and 882
mL, respectively. The acclimatized mesophilic sludge yielded average hydrogen yields of 208,
217, 141, 165 mLH2/gCOD added and 1.31, 1.36, 0.91, and 1.04 mol H2/mol sugar added for BG1X2, BX1-X2, BC6s-C5mix, and BC5s-C5mix, respectively. It is obvious form the data obtained
in this study that acclimatization improved the hydrogen production yields in batches even when
the cultures have been acclimatized with different sugars.
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Figure 4-3. Cumulative hydrogen production in batches using xylose (BG1-X2, BX1-X2) and
a mixture of xylose and arabinose (BC6s-C5mix, and BC5s-C5mix)

4.3.1.4 Biohydrogen production from a mixture of C5 and C6 sugars
Subsequent batch tests were conducted by transferring the cultures from the batch acclimatized to
glucose (B11), to the new medium containing different ratios of glucose to (cellobiose, xylose and
arabinose) concentration. As depicted in Table 4-2 and Fig. 4-4, the cumulative hydrogen
production in B12, B22, B32 and B42 were 533, 563, 593 and 607 mL, respectively. The
acclimatized mesophilic sludge yielded average hydrogen yields of 250 (1.9 mol H2/mol glucose
added), 264 (1.94 mol H2/mol sugar added), 278 (1.98 mol H2/mol sugar added), and 284
mLH2/gCOD added (1.96 mol H2/mol sugar added) as well as specific hydrogen production rates
of 23.6, 24.9, 26.2 and 26.8 mL/gVSS.h for B12, B22, B32 and B42, respectively (Fig. 4-5, Table
4-2). These results are in line with those obtained by Nasr et al. (2011) who used thin stillage
wastewater as a feed in batches and acclimatized anaerobic digester sludge collected from a
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continuous-flow system fed with glucose as a substrate at a concentration of 30 g/L, and observed
the maximum SHPR for batches using acclimatized sludge of 24.4 mL H2/gVSS.h at an S0/X0 ratio
of 6 gCOD/gVSS. The aforementioned study clearly confirms that in batches, microbial cultures
acclimatized with glucose responded favourably to changing the substrate to mixed carbohydrates,
as typically present in thin stillage.
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Figure 4-4. Cumulative hydrogen production in batches using mixture of pentose "C5" &
hexose "C6" sugars [B12: 100% glucose; B22: 75% glucose + 25% (cellobiose, arabinose,
and xylose); B32: 50% glucose + 50% (cellobiose, arabinose, and xylose); B42: 25%
(glucose, cellobiose, arabinose, and xylose)]
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Figure 4-5. Hydrogen production yield and specific hydrogen production rate in batches
using glucose and a mixture of pentose "C5" & hexose "C6" sugars
An obvious stimulation occurred upon changing the feed from single to multiple substrates. The
switch from glucose (B11) to a mixture of glucose (75%) and xylose, arabinose, and cellobiose
(8.33% each) (B22) enhanced the hydrogen yield by 11% (relative to B11), while the switch from
glucose (B11) to an equal amount of xylose, arabinose, cellobiose, and glucose (25% each) (B42)
improved the hydrogen yield by 26% (compared to B11). However, the hydrogen yield in B42 was
enhanced by 35% compared to the expected value from each sugar (67 mL H2/g COD from
glucose, 67 mL H2/g COD from cellobiose, 55 mL H2/g COD from xylose, and 22 mL H2/g COD
from arabinose) (210 mL H2/g COD added). Similarly, the hydrogen yields for B22 and B32 were
enhanced by 7% and 22%, respectively, compared to the expected value from each sugar (Table
4-2). Due to the different molecular weights of C5 and C6 sugars, the hydrogen production yields
based on mol H2/ mol sugar were constant for acclimatized batches B22, B32, and B42 compared
to B12, with approximately 15% enhancement compared to non-acclimatized B11, while the
hydrogen production yields for B22, B32, and B42 improved by 14%, 30%, and 44% compared to
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the expected from each sugar. For example, the expected hydrogen production yield for B42 is
1.36 mole H2/mol sugar calculated as follow:

[((𝑌𝐺 × 𝑚𝐺 ) + (𝑌𝐶 × 𝑚𝐶 ) + (𝑌𝑋 × 𝑚𝑋 ) + (𝑌𝐴 × 𝑚𝐴 )) ×

÷[

1𝐿
0.079 𝑔𝐻2 1 𝑚𝑜𝑙 𝐻2
×
×
]
1000 𝑚𝐿
1𝐿𝐻2
2 𝑔 𝐻2

𝑚𝐶5
𝑚𝐶6
+
]
180 𝑔
150 𝑔
𝑚𝑜𝑙 𝑝𝑒𝑛𝑡𝑜𝑠𝑒 𝑚𝑜𝑙 ℎ𝑒𝑥𝑜𝑠𝑒

Where 𝑌𝐺 , 𝑌𝐶 , 𝑌𝑋 , 𝑎𝑛𝑑 𝑌𝐴 are the hydrogen production yields in terms of mLH2/ g sugar added
from glucose, cellobiose, xylose, and arabinose, respectively. 𝑚𝐺 , 𝑚𝐶 , 𝑚𝑋 , 𝑎𝑛𝑑 𝑚𝐴 are the masses
of glucose, cellobiose, xylose, and arabinose added, in grams, respectively. By substituting the
values of hydrogen production yields and masses of sugars added, the equation will be as follows:

[(133 𝑚𝐿 𝐻2 (𝐺) + 133 𝑚𝐿 𝐻2 (𝐶) + 111 𝑚𝐿 𝐻2 (𝑋) + 43 𝑚𝐿 𝐻2 (𝐴) ×

×

1𝐿
1000 𝑚𝐿

0.079 𝑔𝐻2 1 𝑚𝑜𝑙 𝐻2
1 𝑔 𝐶5 𝑠𝑢𝑔𝑎𝑟𝑠 1 𝑔 𝐶6 𝑠𝑢𝑔𝑎𝑟𝑠
×
]÷[
+
]
180 𝑔
150 𝑔
1𝐿𝐻2
2 𝑔 𝐻2
𝑚𝑜𝑙 ℎ𝑒𝑥𝑜𝑠𝑒
𝑚𝑜𝑙 𝑝𝑒𝑛𝑡𝑜𝑠𝑒

133 𝑚𝐿 𝐻2 (𝐺) is the hydrogen produced from glucose, 133 𝑚𝐿 𝐻2 (𝑐) is the hydrogen produced
from cellobiose, 111 𝑚𝐿 𝐻2 (𝑋) is the hydrogen produced from xylose, and 43 𝑚𝐿 𝐻2 (𝐴) is the
hydrogen produced from arabinose.
In the abovementioned equation, the hydrogen production yields were calculated from the
acclimatized batches (B12, BX1-X2, BC5s-C5mix) for glucose, xylose, and arabinose, as 266,
222, and 86 mLH2/g sugar. Since there was no difference in the hydrogen yield between both the
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glucose-fed batch (B-G1) and the cellobiose-fed batch (B-C1), the hydrogen production yield from
cellobiose was assumed to be similar to glucose.
Statistical analysis using t-test of the hydrogen yields in B11compared to B12, B22, B32, and B42
confirmed that the observed differences between B11on one hand, and B22, B32, and B42 on the
other hand were significant at the 95% confidence level. Interestingly, the observed difference
between B11 and B12 was insignificant at the 95% confidence level, however it was significant at
the 90% confidence level. It is obvious that the enhancement in hydrogen production yields (in
terms of mol H2/ mol sugar added) for B22, B32, and B42 by 14%, 30% and 44% (compared to
the expected from each sugar), respectively, cannot be attributed to the experimental error.
It appears that in addition to acclimatization, the hydrogen yield was positively impacted when the
feed was switched to equal amounts of different C5 and C6 sugars than other percentages. The
results of this study confirm the findings reported by Rosales-Colunga et al. (2012) who
investigated hydrogen production from 15 g/L of glucose, galactose, and a mixture of glucose and
galactose (50% each) using Escherichia coli WDHL at 37 ºC and a pH of 6.0 in a batch reactor.
The aforementioned authors reported hydrogen production and maximum hydrogen production
rate of 1037 mL and 18.61 mL/L/h, respectively, when glucose was used as the substrate with
lactate as the main by-product. When galactose was the main carbon source, the hydrogen
production and maximum hydrogen production rate were 2080 mL and 13.21 mL/L/h with ethanol,
acetate and succinate as the main soluble by-products. Interestingly, when a mixture of glucose
and galactose (50% each) was used, hydrogen production improved by 36% with lactate as the
main by-product and the hydrogen production and maximum hydrogen production rate were 2080
mL and 24.45 mL/L/h, respectively. Prakasham et al. (2009) concluded that using a mixture of 2
g/L of glucose and 3 g/L of xylose together improved the hydrogen yield to 2.41 mol H2/mol sugar
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added compared to pure glucose (1.94 mol H2/mol glucose) or xylose (1.96 mol H2/mol xylose) as
a substrate in a batch reactor at room temperature and a pH of 6 using anaerobic mixed consortia
developed from buffalo dung compost.
In the present batch study, there was an improvement in the hydrogen yield (in terms of mL H2/ g
COD added) (relative to glucose only) not only in B12 which contained glucose-acclimatized
biomass, but also in all batches, B22, B32, and B42, which contained different percentages of
C5&C6 sugars. However, the aforementioned improvement is not as obvious in terms of mol
H2/mol sugar added due to the difference in molecular weights for pentose and hexose sugars.
Glucose and cellobiose are hexose sugars and have molecular weight of 180 g/mole while xylose,
and arabinose are pentose sugars and have molecular weight of 150 g/mole, however, all the
aforementioned sugars have the same COD value (1.067 g COD / g sugar).
The present study implies that the response of the mono-substrate-acclimatized cultures was
enhanced with co-substrates. This is contradictory to the findings of (Haroun et al., 2016a) who
reported a decrease in hydrogen yield when the feed was changed from glucose (2.3 mol H2/mol
glucose) (phase 1) to a mixture of C5 and C6 sugars (1.1 mol H2/mol sugar) (phase 2) in a
continuous–flow biohydrogenator system. A possible explanation for the observed discrepancy in
microbial cultures response between batch and continuous-flow systems include a change in the
metabolism of the cells, as a result of potential biomass wash-out in continuous-flow systems while
in batches the microbial culture was kept by centrifugation and used for consecutive batches. The
presupposed metabolic and microbial shifts were confirmed by the aforementioned study where
acetate was the main soluble product in phase 1 (with glucose) while propionate was predominant
in phases 2 (with a mixture of C5 and C6 sugars), and the hydrogen producing cultures such as
Ethanoligenes, Clostridium, Bulleidia, and Ruminococcus were dominant in phase 1, while non125

hydrogen producing microorganisms such as Bifidobacterium and Coriobacteriaceae and
propionate producing Megasphaera were dominant in phase 2. The postulated metabolic changes
in continuous-flow systems were also reported by Ueno et al. (2001) who investigated hydrogenproduction from 5 g/L cellulose powder using enriched compost at 60 ºC and a pH of 6.6 in a batch
reactor for 3 days prior to switching to a chemostat reactor with the same substrate at 60 ºC and a
pH of 6.4 at an HRT of 72h and reported that the microbial population differed with T.
thermosaccharolyticum, C. thermobutyricum, and T. aotearoense and other several
microorganisms dominant in the batch and only T. thermosaccharolyticum dominant in the
chemostat enrichment.
Table 4-3 shows the kinetics from the Gompertz model (Chen et al., 2006) for all batches. R2, the
coefficient of determination, was 0.99 for all Gompertz data. It is apparent that the lag phase is
substrate dependent, as the lag phases for B11, and B12 which were fed with only glucose were
much longer than B22, B32, and B42 which were fed with mixtures of C5 and C6 sugars. Kim and
Kim (2012) observed a short lag period of 2.6 hours using xylose compared to 7.8, and 5.3 hours,
respectively, for galactose and sucrose. This is in agreement with our findings, where shorter lag
phases were obtained in the presence of xylose. The ultimate hydrogen production and the
maximum hydrogen production rate obtained from Gompertz model for B11, B12, B22, B32, and
B42 of 1211, 538, 562, 595, and 609 ml and 33.5, 19.1, 16.1, 15.2, and 15.3 mL/h (Table 4-3),
respectively, were comparable to the experimentally measured data (Table 4-2). The specific
hydrogen production rates for B11, B12, B22, B32, and B42 were 40.9, 57.9, 48.8, 46.1, and 46.4
mL H2/gVSS.h (Table 4-3), indicating that while acclimatization enhanced SHPR (as reflected by
B12 being almost 40% higher than B11), SHPR for C5 sugars were about 20% lower than for C6
sugars.
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Table 4-3 Gompertz data for batch reactors
Pa

Rmb

λc

MSHPR

(mL)

(mL/h)

(h)

(ml H2/gvss.hr)

B11

1211

33.5

10.6

40.9

B-G1

1211

41.0

4.7

19.5

B-C1

1192

42.2

5.0

20.1

B-X1

1010

27.1

11.9

12.9

B-A1

359

4.3

0.3

2.1

B12

538

19.1

7.3

57.9

B22

562

16.1

4.4

48.8

B32

595

15.2

4.7

46.1

B42

607

15.3

4.5

46.4

BG1-X2

1148

36.9

20.6

17.5

BC5s -C5 mix

864

73.3

10.4

34.9

BX1-X2

1189

30.1

4.1

14.3

BC6s- C5 mix

772

60.3

12.7

28.7

Batch name

a

P: Ultimate hydrogen production.

b

Rm: Maximum rate of hydrogen production.

c

λ: Lag phase duration.

d

MSHPR: Maximum Specific hydrogen production rate.
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Soluble products and COD balance
Table 4-4 shows the comparison of the theoretical hydrogen production based on the measured
soluble products and H2 generation in all batches. The experimentally observed H2 production was
comparable to the theoretical H2 produced with differences varying from 13% to 19 % for nonacclimatized batches (B11, B-G1, B-C1, B-X1) except for B-A1, where the difference was 76%.
On the other hand, the difference between the experimentally observed H2 production and the
theoretical hydrogen for acclimatized batches (BG1-X2, BX1-X2, BC5s-C5mix, B12, B22, B32,
and B42) varying from -3% to 10%, except for BC6s-C5mix, where the difference was 29%. The
higher percentage difference observed in the present study in case of B-A1 could be attributed to
the higher non-producing hydrogen by-products such as ethanol, propionate, and lactate at
concentrations of 1109 mg/L, 1240 mg/L, and 300 mg/L, respectively (data not shown). The
concentrations of acetate, butyrate and propionate in all batches are shown in Table 4-4. Acetate
was the main liquid by-product in batches that have been fed with either pure C6 sugar or a mixture
of C5 and C6 and fluctuated from 2212 mg/L to 3870 mg/L, whereas butyrate was the predominant
soluble by-product in all batches that have been fed with either individual or a mixture of C5
sugars. Interestingly, this was not the case in the arabinose-fed batch, where ethanol, propionate,
and lactate were detected at concentrations of 1109 mg/L, 1240 mg/L, and 300 mg/L, respectively
rationalizing the lower observed hydrogen yield. COD mass balance data is illustrated in Table 45. The closure of COD balances ranged from 92% to 106%, thus confirming the reliability of the
data. The average percentage COD reduction varied from 7.1% to 15.3% for all batches except BA1, and BC5s-BC5mix, where the reductions in COD were 0.5% and 3.8%, respectively.
The distribution of VFA can be used as an indication of potential microbial shifts. In this batch
study, HAc/HBu molar ratios for batches B1, B12, B22, B32 and B42 were 6.2, 5.8, 8.4, 6.6, and
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5.8 reflecting relatively constant contribution of the acetate and butyrate pathways to hydrogen
production. However, the HAc/HBu molar ratios for batches B-G1, B-C1, were1.8 to 1.9. The
difference between the HAc/HBu molar ratios in the first and second sets of batches could be
attributed to the difference in the initial S0/X0 where the first set of batches were set up at an initial
S0/X0 of 6.5 while the second set of batches were set up at an initial S0/X0 of 2.5. Interestingly, the
HAc/HBu molar ratios for the pentose-fed batches (B-X1, BG1-X2, BX1-X2, BC6s-C5mix, and
BC5s-C5mix) fluctuated from 0.4 to 0.6, thus suggesting that pentose sugars favor the butyrate
pathway, and hence rationalizing the lower observed hydrogen yield (0.91 mol H2/ mol pentose to
1.36 mol H2/ mol pentose). However, that was not the case in B-A1, where the HAc/HBu molar
ratio and the hydrogen production yield were 3.8 and 0.35 mol H2/ mol arabinose, respectively,
due to the higher non-hydrogen by-products such as ethanol of 1109 mg/L (corresponding to 0.51
g ethanol/ g arabinose, approximately 22% of the theoretical value).
It should be emphasized also, as shown in Table 4-4, that the maximum hydrogen consumption by
propionate in the batches was 17% of the theoretical hydrogen production through the acetate and
butyrate pathways. However, in the case of the continuous-flow system, the aforementioned
hydrogen consumption increased dramatically from 18% of the theoretical production (with
glucose as feed) to 29% (with the mixture of pentoses and hexoses as a feed) (Haroun et al., 2016a).
Thus, changes in the distribution of VFA in the IBRCS confirm the postulated microbial and/or
metabolic shifts.
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Table 4-4. Theoretical hydrogen production based on the acetate and butyrate produced in all batch reactors
Acetic
acid

Butyric
acid

Propionic
acid

From
Acetic
acid

From
Butyric
acid

From
Propionic
acid

Theoretical
H2

Measured
H2

difference

Mol
(HAc/HBu)

mg/L

mg/L

mg/L

mL

mL

mL

mL

mL

%

mg/L

B11

3400

804

1642

1435

231

-281

1385

1202

13

6.2

B-G1

2212

1818

10

934

523

-2

1454

1211

17

1.8

B-C1

2350

1791

26

992

515

-4

1502

1212

19

1.9

B-X1

1198

2727

536

506

784

-92

1198

994

17

0.6

B-A1

2717

1037

1240

1146

298

-212

1233

299

76

3.8

B12

3550

904

1692

599

104

-116

587

533

9

5.8

B22

3870

677

1665

653

78

-114

617

563

9

8.4

B32

3560

791

1530

601

91

-105

587

593

-1

6.6

B42

3480

876

1464

587

101

-100

588

607

-3

5.8

BG1-X2

846

2756

115

357

792

-20

1130

1109

2

0.5

BC5s -C5 mix

717

2426

130

303

698

-22

978

882

10

0.4

BX1-X2

860

2696

98

363

775

-17

1122

1156

-3

0.5

BC6s- C5 mix

1022

2360

115

431

679

-20

1090

770

29

0.6

Batch name
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Table 4-5. Cumulative H2 production, initial TCOD, final TCOD, and COD mass balance in all batches.

Batch name

cumulative H2 (g
H2 (mL)
COD)

TCOD final TCOD final
(g COD/L) (g COD)

TCOD
Initial (g
COD/L)

TCOD
Initial (g
COD)

COD
removal
(%)

COD
mass
balance a

B11

1202

0.76

11.90

5.95

12.99

6.50

8.4

103

B-G1

1211

0.77

15.61

7.80

18.46

9.23

15.5

93

B-C1

1212

0.77

15.41

7.71

18.39

9.19

16.2

92

B-X1

994

0.63

15.29

7.65

17.89

8.94

14.5

93

B-A1

299

0.19

18.08

9.04

18.17

9.08

0.5

102

B12

533

0.34

11.02

2.20

13.01

2.60

15.3

98

B22

563

0.36

11.92

2.38

13.01

2.60

8.4

105

B32

593

0.37

11.88

2.38

13.01

2.60

8.7

106

B42

607

0.38

11.56

2.31

13.01

2.60

11.2

104

BG1-X2

1109

0.70

16.25

8.13

17.81

8.90

8.7

99

BC5s -C5 mix

882

0.56

16.73

8.37

17.40

8.70

3.8

103

BX1-X2

1156

0.73

16.05

8.03

17.77

8.88

9.6

99

BC6s- C5 mix

770

0.49

16.21

8.11

17.46

8.73

7.1

98

a

COD balance (%) = [H2 (gCOD) + CODﬁnal (gCOD)]/[CODinitial (gCOD)].
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Biohydrogen production from C5 and C6 sugars in the Integrated
Biohydrogen Reactor Clarifier System (IBRCS)
A confirmation experiment has been conducted for biohydrogen production from a mixture of
pentoses and hexoses (C5&C6) sugars in the IBRCS. It is obvious from the data reported by
(Haroun et al., 2016a) that the performance of the IBRCS deteriorated and declined by half when
the feed was changed from glucose to a mixture of pentose and hexose (C5&C6) sugars. This did
not occur in the present batch study as the hydrogen production yield improved with the feed
change from glucose to a mixture of C5&C6 sugars. CH4 was not detected throughout the study.
Table 4-6 and Figure 4-6 show the temporal hydrogen production rates and yields in the IBRCS.
After 4 days of continuous operation, the IBRCS showed a stable performance at an OLR of 32.1
g COD/L/d, with an average hydrogen production rate and hydrogen yield of 61.7 ± 3.07 L H 2/ d
and 1.9 ± 0.1 mol H2/ mol sugar added, respectively. The results of this study confirm the findings
of the experimental data from IBRCS operated at an influent glucose concentration of 10 g/L, OLR
of 32.1 g COD/L/d, pH 5.5, and 37°C by Haroun et al. (2016a) who observed a hydrogen rate and
yield of 66.5 L H2/ d and 2.3 mol H2 /mol glucose, with complete sugar consumption in the effluent.
The minor differences in reactor performances between this study and Haroun et al. (2016a) can
be attributed to the pentose (C5) sugars which are converted to hydrogen with a maximum yield
of 3.33 mol H2/mol pentose when acetate is produced as the fermentation by-product compared to
4 mol H2/mol hexose, and 1.67 mol H2/mol pentose compared to 2 mol H2/mol hexose when
butyrate is the fermentation by-product. Abreu et al. (2012) demonstrated that differences in
simple sugars uptake can be explained by the different metabolic pathways of C5 versus C6 sugars.
Average biogas H2 content in Table 4-6 and Fig.4-7 were 57 ±3%. The average observed biomass
yield calculated as g VSS/g sugar was 0.08 g VSS/g sugar (Table 4-6) while the average
concentration of VSS was 5394±350 mg/ L (Table 4-6 and Fig. 4-7). The biomass-specific
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hydrogen production rate was 1.63±0.22 L H2/gVSS-d (Table 4-6 and Fig. 4-8). On the other hand,
the average food-to-microorganisms’ ratio (F/M) was 6.14±0.42gCOD/gVSS-d (Table 4-6 and
Fig. 4-8). COD balance closures were 103±6% and TVFAs accounted for 99% of the SCOD in the
IBRCS effluent (Table 4-7). Throughout this experiment, acetate and butyrate were the main
soluble by-products with a molar acetate/butyrate ratio of 2:1.
It is evident that the acetate pathway on average contributed about two-thirds of the overall
hydrogen production. Considering biomass yield, the maximum hydrogen yield of glucose and
xylose are about 3.2 mol H2/mol hexose (Hafez et al., 2010) and 2.6 mol H2/mol pentose (Haroun
et al., 2016a), with the yield from the butyrate pathway around half of that, the maximum
theoretical hydrogen yield based on the observed molar ratios is 2.41 mol H2 /mol sugar
1
2.6+3.2
[23 × (2.6+3.2
) + 3 × 0.5 × ( 2 )]
2

i.e. the observed yield of 1.9 mol H2/mol sugar represents

about 80% of the maximum theoretical yield. Comparison of theoretical hydrogen production
based on the acetate and butyrate and measured H2 produced is presented in Table 4-8. The
experimentally observed H2 production was consistent with the theoretical H2 produced with 2%
difference of the theoretical yield.
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Table 4-6. Summary of steady state data in IBRCS

Parameter

HPR

HPR

HPY

Hydrogen

(L/d)

(L/L/d)

(mol/mol)

gas %

F/M

VSS

(gCOD/gVSS- Reactor
d)

(mg/L)

Specific H2

Biomass

Production

Yield

% COD

Rate

(gVSS/g

removal

(L/gVSS-d)

sugar)

Sugar
Conversion
(%)

Average

61.7

8.81

1.9

57

6.14

5394

1.63

0.0801

23.8

99.9

SD

3.07

0.44

0.09

3

0.42

350

0.22

0.005

3.7

0.8

SD: Standard deviation
Table 4-7. Summary of products and COD mass balance in the continuous-flow system (IBRCS)
VSS
R

VSS
out

VSS out

SCOD
out

Formic
HAc

HBu

HPr

TVFAs

Soluble
carb.out

HPR

H2

COD
balance

mgCO
D/L

mg/L

L/d

gCOD
/d

%

acid

Parameter

mgCOD
/L

mg/L

EtOH

mg/L

Avg

5394

806

24035

8370

2608

1935

959

210

200

8250

100

61.7

38.99

103

SD

350

46

1372

355

440

410

240

90

180

1970

100

3.07

1.94

6

VSS R=VSS reactor, SCOD=soluble chemical oxygen demand, HAc=acetic acid, HBu=butyric acid, HPr=propionic acid,
EtOH=ethanol, TVFAs=total volatile fatty acids, soluble carb.= soluble carbohydrates, HPR=hydrogen production rate
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Table 4-8. Theoretical hydrogen production based on the acetate and butyrate produced in IBRCS.
Acetic
acid

Butyric
acid

From
Propionic
Acetic
acid
acid

From
Butyric
acid

From
Propionic
acid

Theoretical
H2

Measured
H2

Difference

(g/L)

(g/L)

(g/L)

(LH2/d)

(LH2/d)

(LH2/d)

(LH2/d)

(LH2/d)

(%)

Average

2.608

1.935

0.959

46.4

23.5

-6.9

63

61.7

2

SD

0.4

0.4

0.24

8

5

-2

13

3.07

Parameter

From acetic acid = acetic acid (g/L) * flow rate (21 L/d) * 0.848 L H2/g acetic
From butyric acid = butyric acid (g/L) * flow rate (21 L/d) * 0.578 L H2/g butyric
From propionic acid = propionic acid (g/L) * flow rate (21 L/d) * 0.342 L H2/g propionic
Theoretical H2 = From acetic acid + From butyric acid - From propionic acid
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Figure 4-6. Hydrogen production yield and hydrogen production rate in continuous-flow
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Figure 4-7. Hydrogen fraction and reactor VSS in continuous-flow system using a
mixture of pentose "C5" & hexose "C6" sugars
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Figure 4-8. Food-to-microorganisms’ ratio (F/M), and specific hydrogen production rate
in continuous-flow system using a mixture of pentose "C5" & hexose "C6" sugars.
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Summary and Conclusions
The outcome of this study revealed that a significant stimulation of acclimatized cultures in
batches occurred upon changing from single to multiple sugars. The switch from glucose to
equal concentrations of xylose, arabinose, cellobiose, and glucose improved the hydrogen yield
in the batch reactors by 35% and 44% in terms of mL H2/ gCOD added and mol H2/mol sugar
added, respectively. It appears that in addition to acclimatization, the hydrogen yield was
positively affected when the feed was switched to equal concentrations of different C5 and C6
sugars than other percentages. The following specific conclusions can be drawn:
•

Acclimatized microbial cultures achieved a better performance compared to the nonacclimatized one; the average hydrogen yield for glucose with non-acclimatized sludge
was 1.71 mol H2/mol glucose (225 mLH2/gCOD) in B11 compared to 1.9 mol H2/mol
glucose (250 mLH2/gCOD) and 284 mLH2/gCOD (1.96 mol H2/mol sugar) in B12 and
B42, respectively, with glucose acclimatized cultures.

•

The responses of acclimatized cultures to feed changes were totally different in batches
than in continuous-flow systems.

•

Acetate was the predominant VFA in either hexose-fed batches or a mixture of hexose
and pentose-fed batches while butyrate was the main VFA in pentose-fed batches.

•

The lag phase was substrate dependant; a short lag period was obtained using a mixture
of C5 and C6 sugars compared to pure glucose.

•

In the continuous-flow system, hydrogen yields and hydrogen production rate from
mixture of equal concentrations of pentose and hexose sugars were 1.9 mol H2/ mol
sugar added, and 61.7 L H2/d, respectively, with complete sugar consumption.
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•

Acetate and butyrate were the main soluble products in IBRCS at concentrations of 2.61
g/L and 1.93 g/L, respectively, corresponding to a molar ratio of 2:1.

•

Based on the findings of this study, for a continuous-flow system start up, it is
recommended to, either a mixture of synthetic substrate or a real feedstock should be
used for acclimatization rather than pure substrate.
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Chapter 5 *

5

Impact of Furfural on Biohydrogen Production from
Glucose and Xylose in Continuous-Flow Systems
Introduction

Biological hydrogen production via dark fermentation of lignocellulosic biomass is feasible
because lignocellulosic materials such as agricultural residues (Nasr et al., 2014), grass, forestry
waste, and municipal solid waste contain polymerized sugars such as cellulose and
hemicellulose (Gupta et al., 2014) that can be liberated by hydrolysis (Palmqvist & HahnHägerdal, 2000). Lignocellulosic biomasses hydrolysis is necessary for efficient
saccharification for ethanol production (Sakai et al., 2007) by yeast.
During hydrolysis of lignocellulosic materials, wide ranges of by-products, which are inhibitory
to anaerobic microorganisms, are generated, primarily weak acids, furan derivatives, and
phenolic compounds (Palmqvist & Hahn-Hägerdal, 2000; Quemeneur et al., 2012). Among the
aforementioned groups, furan derivatives strongly inhibit hydrogen production compared to
weak acids or phenolic compounds (Fangkum & Reungsang, 2011; Quemeneur et al., 2012).
The main toxic furan derivatives are furfural and 5-hydroxymethyl furfural (HMF) (Fangkum
& Reungsang, 2011) with furfural significantly more potent than HMF (Almeida et al., 2008;
Cao et al., 2010; Fangkum & Reungsang, 2011; Liu et al., 2015; Sakai et al., 2007; Taherzadeh
et al., 1999). Furfural exhibits negative influence on microbial fermentation by reducing the
cells growth rate, lowering cell membrane permeability, inducing reactive oxygen species
(Allen et al., 2010; Koopman et al., 2010; Liu et al., 2015; Palmqvist & Hahn-Hägerdal, 2000)
that interfere with glycotic and/or fermentative enzymes (Quemeneur et al., 2012), breaking

* This chapter has been published in Renewable Energy Journal
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down DNA and inhibiting protein and RNA synthesis (Fangkum & Reungsang, 2011; Liu et
al., 2004). Furfural inhibition was determined to be dose-dependent at concentrations from 10
to 120 mM for bioethanol production (Liu et al., 2004).
Most studies focused on the influence of furan derivatives on ethanol fermentation (Almeida et
al., 2009; Ask et al., 2013; Taherzadeh et al., 1999) and to a lesser extent on methane production
(Barakat et al., 2012) with biohydrogen production recently receiving attention (Cao et al.,
2010; Kongjan et al., 2010; Monlau et al., 2013; Park et al., 2011; Quéméneur et al., 2012).
Specifically, Liu et al. (2015) studied the effect of furan derivatives on mesophilic anaerobic
digested sludge (ADS) in batches at a pH of 6.5 using steam-exploded cornstalk at a
concentration of 8% TS (73% VS) and observed that hydrogen productivity decreased by 50%
at 0.5 g/L furfural but increased by 40% at 0.5 g/L HMF. Quemeneur et al. (2012) who
investigated the effect of different inhibitors such as furan derivatives, phenolic compounds,
and lignin on mesophilic biohydrogen production using ADS at a pH of 5.5 using xylose at a
concentration of 5 g/L in batches and reported that furan derivatives were most toxic with a
70% drop in hydrogen yield to 0.51 mol H2/mol xylose at 1 g/L furfural. Monlau et al. (2013)
studied mesophilic biohydrogen production from glucose as a carbon source at a concentration
of 5 g/L in presence of increasing volumes (0%, 3.75%, 7.5%, 15% and 35% (v/v)) of dilute
acid hydrolysate generated from sunflower stalks pre-treatment using ADS as seed, pH of 5.5.
A 78% reduction in biohydrogen yield to 0.45 mol H2/mol hexose was observed at a furfural
concentration of 86 mg/L with a complete inhibition at 172 mg/L. Furthermore, furfural induced
a microbial shift as evidenced by a change of end products from VFAs to lactic acid and ethanol.
Fangkum & Reungsang, (2011) studied batch mesophilic biohydrogen production from
sugarcane bagasse hydrolysate at a concentration of 10 g/L using elephant dung as inoculum at
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a pH of 6.5 and achieved a maximum hydrogen yield of 0.84 mol H2/mol sugar consumed with
86% substrate degradation. Substrate degradation was observed to decrease with the increase in
sugarcane bagasse hydrolysate concentrations since the hydrolysate that was produced during
dilute acid pretreatment contained furfural, the main furan derivatives in the hydrolysate, at a
concentration of 220 mg/L. Cao et al. (2010) studied the effect of furfural generated by dilute
acid pretreatment of corn stover on thermophilic batch hydrogen production using a pure culture
of Thermoanaerobacterium thermosaccharolyticum W16 and observed complete inhibition at
2 g/L furfural. On the contrary, Lin et al. (2015) studied the effect of furan derivatives (i.e.
furfural and 5-hydroxymethyl furfural (HMF)) and phenolic compounds (i.e. vanillin and
syringaldehyde) individually at a concentration of 15 mM on mesophilic batch hydrogen
fermentation using mixed hydrogen producing bacteria isolated from anaerobic digester sludge
[(ADS) - with clostridium butyricum as the predominant species] and glucose at a concentration
of 10 g/L at a pH of 6. The aforementioned authors reported hydrogen production yield of 248
ml H2/g glucose for control (without inhibitor) compared to 242 ml H2/g glucose at furfural
concentration of 15 mM (1.44 g/L) with complete furfural degradation after 48 h.
Microorganisms generally are able to reduce furfural to its corresponding alcohol, furfuryl
alcohol, which is less inhibitory (Liu et al., 2004; Nichols et al., 2008; Taherzadeh et al., 1999;
Villa et al., 1992). On the other hand, Boopathy and Daniels, (1991) also found that furfural
was converted to acetic acid by anaerobic fermentation using a sulfate reducing bacterium,
Desulfovibrio sp. (Liu et al., 2015). Additionally, Almeida et al. (2009) reported that furfural
could be converted to furoic acid by S. cerevisiae in an aerobic reactor. The two possible
microbiological solutions to minimize the furfural inhibition are gradual acclimatization and
genetic engineering of new strains, with the latter having limited practical application with real

145

feedstocks that contain a variety of microorganisms that can out-grow genetically-modified
microorganisms (Almeida et al., 2009).
Since furfural is a primary breakdown product from pentoses and therefore likely to be present
in hydrolysates, the effect of furfural on yeast fermentation has been the subject of several
investigations, while only few papers addressed the effect of furfural on bio-hydrogen
fermentation testing ADS in batches (Cao et al., 2010; Quéméneur et al., 2012; Monlau et al.,
2013; Liu et al., 2015). It is apparent that while the short-term inhibitory impact of furfural on
biohydrogen production in batches have just recently been assessed, the performance of furfural
in hydrogen fermentation from glucose and xylose by acclimatized anaerobic microbial
consortium in long-term continuous-flow studies was never reported. Thus, the main objectives
of the current study are: (1) Assess the long-term impact of furfural and potential acclimatization
of ADS; and (2) Assess the revivability of the inhibited biomass.

Materials and Methods
Seed sludge
Anaerobic digester sludge (ADS) was collected from St. Mary’s wastewater treatment plant (St.
Mary’s, Ontario, Canada) and preheated at 70C for 30 minutes (Nasr et al., 2011) to be used
as seed sludge in the continuous integrated bioreactor clarifier system (IBRCS). The total
suspended solids (TSS) and volatile suspended solids (VSS) concentrations of the ADS were
10.1 and 6.9 g/L, respectively.

Systems set up and operation
Two patented IBRCSs (Hafez et al., 2014) (Fig. 2-7), R1 and R2, were operated for biological
hydrogen production at 37 °C for 143 days, at an organic loading rates (OLR) of 32.01
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gCOD/L/d, excluding furfural, and hydraulic retention time (HRT) of 8 hours. The IBRCSs
comprised a continuously stirred tank reactor (CSTR) for biological hydrogen production (7 L
working volume), followed by an uncovered gravity settler (volume 8 L) for the decoupling of
solids retention time (SRTs) from the HRT (Hafez et al., 2009). Water was recirculated through
a water jacket to maintain a constant temperature of 37±1 °C. Nitrogen gas was initially purged
in the headspace in order to maintain anaerobic conditions. The pH was controlled (5.5±0.1) by
chemical feed pumps (Romania, BL1.5, HANNA, Blackstone, 1.5 L/h, 13 BAR) with 2 N
NaOH and HCl solutions. In order to enrich the hydrogen-producing bacteria, anaerobically
digested sludge was treated at 70 °C for 30 min (Hafez et al., 2010). The testing program
included seven phases denoted henceforth as phases 1 to 7 lasting 16, 20, 15, 17, 45, 15, and 15
days respectively. Glucose was the feed in R1 at a concentration of 10 g/L while xylose was in
R2 at a concentration of 10 g/L throughout the experiment together with increasing furfural
concentrations (0, 0.25, 0.5, 1, 2, 4 g/L) in both reactors. Thus, the microbial cultures were
acclimatized by long-term exposure to increasing furfural concentrations. Finally, R1 was tested
for revivability by reverting to glucose at a concentration of 10 g/L with no furfural added (phase
7). The feed contained sufficient inorganics as described by Hafez et al. (2010). The systems
were monitored for total chemical oxygen demand (TCOD), soluble chemical oxygen demand
(SCOD), volatile fatty acids (VFAs), glucose, xylose, furfural, ethanol, lactate, total suspended
solids (TSS), volatile suspended solids (VSS), and biogas composition including hydrogen and
methane. The quantity of produced biogas was recorded daily using a wet-tip gas meter (Rebel
wet-tip gas meter company, Nashville, TN, USA).
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Analytical methods
The biogas produced from the IBRCS was measured using wet-tip meters. The biogas
composition including hydrogen, methane, and nitrogen was determined by a gas
chromatograph as described by Hafez et al. (2010). Methane was not produced at all during this
study. Total and soluble chemical oxygen demand (TCOD, SCOD) were measured using HACH
methods and test kits (HACH Odyssey DR/2500 spectrophotometer manual). TSS and VSS
were analyzed using standard methods (APHA, 2005). The concentrations of volatile fatty acids
(VFAs), glucose, xylose, furfural, ethanol, and lactate were analyzed using a Refractive Index
Detector (RID) (Perkin Elmer Series 200, PerkinELmer Instruments Inc., USA) connected to a
gradient pump (GP50 Gradient pump) and chromatography oven (LC 25 Chromatography
Oven) of a Dionex Ion Chromatogram. The oven was fitted with an Aminex® HPX-87H column
(BIO-RAD laboratories, USA) which separated the components. The following parameters
were used: pump flow rate – 0.6 mL/min; mobile phase - 9 mM H2SO4, column temperature30 °C and injection volume of 0.5 mL. Data was processed using ONLINE Chromatostation
software.

Statistical Testing
The significance of the observed differences in hydrogen yields in each of the two reactors at
the different operational phases was evaluated using the standard t-test approach at the 95%
confidence level.

Results and Discussion
Biohydrogen production in IBRCSs
The diurnal variation in hydrogen yield in R1 and R2 is presented in Figures 5-1a and 5-1b,
with the steady-state data presented in Tables 5-1 and 5-2. In R1, the results revealed that the
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hydrogen production yield increased from 2.27 mol H2/mol glucose with no furfural in phase 1
to 2.66 mol H2/mol glucose in phase 2 at a furfural concentration of 0.25 g/L, and then slightly
decreased to 2.4 mol H2/mol glucose in phase 3 at a furfural concentration of 0.5 g/L (Fig. 5-1a
and Table 5-1). Similarly, in the xylose-fed reactor, R2, the hydrogen yield increased from 1.56
mol H2/mol xylose with no furfural in phase 1 to 1.66 mol H2/mol xylose in phase 2, and
decreased to 1.54 mol H2/mol xylose in phase 3 (Fig. 5-1b and Table 5-2). The results of the
present study confirm the findings of Zeng et al. (2015) who studied the biotransformation of
furan derivatives (i.e. furfural and 5-hydroxymethyl furfural) and phenolic compounds (i.e.
syringic acid, SA; vanillic acid, VA; and 4-hydroxybenzoic acid, HBA) to hydrogen in a
microbial electrolysis cell (MEC) and reported a cumulative hydrogen production of 19.3 mL,
35 mL, and 49 mL at initial concentration of the mixture of the five compounds of 200 mg/L,
400mg/L, and 800 mg/L, respectively. However, at the 1200 mg/L, hydrogen production was
completely inhibited (Zeng et al., 2015).
Statistical analysis using t-test of the hydrogen yields in R1 and R2 for phases 1 and 2 confirmed
that the observed differences are significant in R1 and insignificant in R2 at the 95% confidence
level. The significant differences observed in R1 are due to higher acetate concentration in phase
2 than in Phase 1, while the marginal difference observed in R2 is due to the higher butyrate in
phase 2 than in phase 1. In contrast to our findings, Monlau et al. (2013) reported a negative
correlation between hydrogen production and furfural concentration in batches at an initial
substrate-to-biomass (S/X) ratio of 20 g glucose/g VSS with a significant drop in hydrogen yield
from 2.04 mol H2/ mol hexose to 1.83 mol H2/ mol hexose and 0.45 mol H2 /mol hexose at
furfural concentrations of 0.086 g/L and 0.172 g/L, respectively. In the aforementioned study,
the reduction of hydrogen yields was concomitant with a microbial shift and the accumulation
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of lactic acid and ethanol at 0.78 mol /mol hexose consumed and 0.67 mol /mol hexose
consumed, respectively.
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Figure 5-1. a: Hydrogen production Yield in R1; b: Hydrogen production Yield in R2
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Both systems R1 and R2 were tested with increasing concentrations of furfural from 1 to 4 g/L
in phases 4, 5, and 6. The results of this experiment showed that in R1, hydrogen yields
decreased from 1.8 mol H2 /mol glucose in phase 4 at a furfural concentration of 1 g/L to 1.62
and 0.87 mol H2 /mol glucose at a furfural concentration of 2 g/L and 4 g/L, respectively (Fig.
5-1a and Table 5-1). Correspondingly, in R2, hydrogen yields decreased from 1.36 mol H2 /mol
xylose in phase 4 at a furfural concentration of 1 g/L to 1.16 and 0.57 mol H2 /mol xylose at
furfural concentrations of 2 g/L and 4 g/L, respectively (Fig. 5-1b and Table 5-2). The results
of this study confirm the findings of the experimental data reported by Quemeneur et al. (2012)
who observed a reduction in the yield from 1.67 to 0.51 mol H2/mol xylose when 1 g/L furfural
was added to batch reactor fed with xylose at a concentration of 5 g/L compared to the control
(without furfural). They attributed the lower hydrogen yields observed to the highest valerate
concentration which might be formed through metabolic pathways requiring H2 as electron
donor with the consumption of propionate and CO2 (Quemeneur et al., 2012). Although the
aforementioned authors reported that furfural at a concentration of 1 g/L can have a significant
impact on different kinds of microorganisms for either hydrogen or ethanol, the experimental
results of our study do not confirm the extent of this inhibition as only 21% and 13% reduction
in hydrogen yields were observed in R1 and R2, respectively, at a furfural concentration of 1
g/L compared to around 70% reduction in the aforementioned study, potentially due to
acclimatization in this continuous-flow system. However, in agreement with the observed
extent of hydrogen yield is the 18% reduction in batch hydrogen production by
Thermoanaerobacterium thermosaccharolyticum W16 using acid-pretreated corn stover
hydrolysate at a furfural concentration of 1 g/L reported by Cao et al. (2010).
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As shown in Table 5-1, the average hydrogen production rates in R1 were 67 ± 3.5 L H2/ d, 78.6
± 4.0 L H2/ d, and 71.0 ± 3.2 L H2/ d in phases 1 to 3, respectively (Fig. 5-2a). Similarly, in R2
the average hydrogen production rates were 55.3 ± 5.6 L H2/ d, 58.8 ± 6.2 L H2/ d, and 54.5 ±
5.2 L H2/ d in phases 1 to 3, respectively (Fig. 5-2b and Table 5-2). It is obvious from the data
that hydrogen production increased at a furfural concentration of 0.25 g/L (phase 2), but
decreased thereafter. T-test of the hydrogen production rates in R1 and R2 for phases 1 and 2
confirmed that the observed differences are significant in R1 and insignificant in R2 at the 95%
confidence level as observed for the hydrogen yields. The significant and insignificant
differences observed in R1 and R2, respectively are due to pathway differences as discussed
previously. The results of this study contradict with the findings of Liu et al. (2015) who
observed a 50 % reduction in hydrogen production from steam-exploded cornstalk hydrolysate
at a concentration of 8% TS using mesophilic ADS at 0.5 g/L furfural.
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Figure 5-2. a: Hydrogen production rate in R1; b: Hydrogen production rate in R2
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Table 5-1. Summary of steady state data in R1
Measured parameter

R1-phase 1

R1-phase 2

R1-phase 3

R1-phase 4

R1-phase 5

R1-phase 6

R1-phase 7

HPRa (L/d)

67.0 ± 3.5

78.6 ± 4.0

71.0 ± 3.2

53.2 ± 4.5

48.0± 3.7

25.7± 2.4

48.3 ± 3.4

HPR (L/L/d)

9.6 ± 0.5

11.2 ± 0.6

10.1 ± 0.5

7.6 ± 0.7

6.9 ± 0.5

3.7 ± 0.4

6.9 ± 0.5

HPYb (mol/mol)

2.27 ± 0.12

2.66± 0.14

2.40 ± 0.11

1.8 ± 0.15

1.62 ± 0.13

0.87 ± 0.08

1.64 ± 0.1

Hydrogen gas %

58 ± 2

58 ± 1

51 ± 2

44 ± 2

44 ± 2

38 ±4

47 ± 2

---

6.2 ± 0.3

6.5 ± 0.3

7.6 ± 0.6

9.9 ± 0.85

13.6 ± 0.5

---

F/Mc (gCOD/gVSS-d)-furfural
included
F/M (gCOD/gVSS-d)
without furfural

6.0 ± 0.5

5.7 ± 0.2

6.0 ± 0.3

6.4 ± 0.5

7.4 ± 0.7

8.2 ± 0.5

7.9 ± 0.2

VSSd Reactor (mg/L)
Clarifier VSS Removal
Efficiency

5380 ± 420

5675 ± 245

5395 ± 275

5027 ± 413

4337 ± 397

3913 ± 259

4056 ± 110

83.1 ± 1.1

82.0 ± 1.3

83.3 ± 1.5

81.1 ± 2.3

76.8 ± 3.1

72.2 ± 2.2

79.3 ± 1.8

SRTe (d)
Specific H2 Production Rate
(L/gVSS-d)

1.99 ± 0.16

1.85 ± 0.13

2.01 ± 0.17

1.83 ± 0.17

1.46 ±0.18

1.23 ± 0.08

1.59 ±0.12

1.81 ± 0.17

1.98 ± 0.11

1.89 ± 0.15

1.52 ± 0.20

1.63 ± 0.11

0.94 ± 0.14

1.71 ± 0.13

Biomass Yield (gVSS/g sugar)

0.101 ± .006

0.092 ± 0.007 0.094 ± 0.011 0.099 ± 0.010 0.107 ± 0.011 0.083 ± 0.006

Furfural /Biomass (g FUR /g
VSS -d)

0.092 ±
0.008
---

0.13 ± 0.01

0.28 ± 0.01

0.60 ± 0.05

1.39 ± 0.12

3.08 ± 0.19

---

Sugar Conversion (%)

99.8 ± 0.8

100

98.7 ± 2.1

97.9 ± 1.8

97.6 ± 0.9

95.8 ± 1.0

99.5 ± 1.0

a Hydrogen production rate; b Hydrogen production yield; c Food - to – microorganisms’ ratio; d Volatile suspended solids; e Sludge
retention time
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Table 5-2. Summary of steady state data in R2
Measured parameter

R2-phase 1

R2-phase 2

R2-phase 3

R2-phase 4

R2-phase 5

R2-phase 6

HPRa (L/d)

55.3 ± 2.7

58.8± 6.2

54.5 ± 5.2

48.3 ± 6.1

41.2 ± 4.1

20.3 ± 2.0

HPR (L/L/d)

7.9 ± 0.4

8.4 ± 0.9

7.78 ± 0.7

6.9 ± 0.9

5.89 ± 0.6

2.9 ± 0.3

HPYb (mol/mol)

1.56 ± 0.08

1.66± 0.18

1.54 ± 0.15

1.36 ± 0.17

1.16 ± 0.11

0.57 ± 0.06

Hydrogen gas %

62 ± 6

63 ± 5

52 ± 2

47 ± 3

45 ± 3

34 ± 2

---

6.5 ± 0.7

6.7 ± 0.6

7.8 ± 0.8

9.9 ± 0.8

13.3 ± 0.5

F/M (gCOD/gVSS-d) without furfural

7.6 ± 0.3

6.2 ± 0.6

6.2 ± 0.5

6.7 ± 0.6

7.5 ± 0.6

8.2 ± 0.3

VSSd Reactor (mg/L)

4230 ± 143

5217 ± 518

5203 ± 449

4838 ± 447

4314 ± 348

3925 ± 149

Clarifier VSS Removal Efficiency

78.0 ± 1.9

85.3 ± 5.8

84.7 ± 1.5

82.7 ± 6.6

78.0 ± 3.4

71.0 ± 3.1

SRTe (d)

1.39 ± 0.16

2.03 ±0.21

2.19 ± 0.18

1.81 ± 0.38

1.55 ± 0.24

1.16 ± 0.13

Specific H2 Production Rate (L/gVSS-d)

1.87 ± 0.09

1.65 ± 0.28

1.51 ± 0.25

1.47 ± 0.28

1.35 ± 0.15

0.76 ± 0.07

Biomass Yield (gVSS/g sugar)
Furfural /Biomass (g FUR /g VSS -d)

0.095 ±
0.011
--

0.085 ± .006 0.081 ±
0.009
0.15 ± 0.01 0.29 ± 0.03

0.092 ±
0.011
0.63 ± 0.06

0.093 ±
0.009
1.4 ± 0.11

0.112 ±
0.009
3.06 ± 0.11

Sugar Conversion (%)

99.8 ± 0.8

99.6 ± 0.7

99.5 ± 1.8

99.4 ± 0.9

95.7 ± 1.0

F/Mc (gCOD/gVSS-d) furfural included

a

98.7 ± 2.1

Hydrogen production rate; b Hydrogen production yield; c Food - to - microorganisms’ ratio; d Volatile suspended solids; e Sludge

retention time
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Reactor VSS and biomass yield
Reactor VSS concentration is an important operational parameter that affects both system
stability and hydrogen yield. As shown in Tables 5-1 and 5-2, the average concentrations of
VSS in both reactors R1 and R2 ranged from 5675 mg/L to 3913 mg/L throughout the
experiment (Figs 5-3a and 5-3b). VSS removal efficiency of the clarifier deteriorated with
increasing furfural concentration in both R1 & R2 from 83% and 78% without furfural to 72%
and 71% at 4 g/L furfural, respectively, and hence affected the sludge retention time (SRT)
(Tables 5-1, and 5-2). The average biomass yields varied narrowly from 0.08 – 0.1 g VSS/g
sugar converted. On the other hand, the average biomass yields were calculated based on kinetic
1

equation (5.1) (Metcalf & Eddy, 2003) where Ɵc was plotted versus

(S˚−S)
ƟX

for both reactors (Fig.

5-4).
1

=Y
Ɵc

(S˚−S)
ƟX

− Kd

(5.1)

Where, Ɵc is the sludge retention time (SRT) (d), Y is the biomass yield (g VSS/g sugar
converted), S˚ is initial substrate concentration (g sugar /L), S is final substrate concentration (g
sugar/L), Ɵ is the hydraulic retention time (d), X is the biomass concentration (g VSS/L), and
Kd is the endogenous decay constant (d-1). From the slope depicted in Figure 5-4, Y1 and Y2
were 0.11 g VSS/g sugar converted and 0.12 g VSS/g sugar converted in agreement with those
in Tables 5-1 and 5-2 calculated at each steady-state operation.

Furfural-to-biomass ratio (F/B)
Not only reactor VSS concentration, but also the furfural-to-biomass ratio (F/B) is a very
significant operational parameter that affects hydrogen yield. The average furfural-to-biomass
ratio observed in R1, in phases 2 to 6 were 0.13±0.01, 0.28±0.01, 0.60±0.05, 1.39±0.12, and
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3.08±0.19 g furfural/gVSS-d, respectively, whereas the average furfural-to-biomass ratio
observed in R2, in phases 2 to 6 were 0.15±0.01, 0.29±0.03, 0.63±0.06, 1.40±0.11, and
3.06±0.11 g furfural/gVSS-d respectively. The results of this study confirm the findings of
Quemeneur et al. (2012) who achieved 3.4 mmol H2/ g substrate (0.51 mol H2/mol xylose) using
xylose in a batch inoculated with ADS at a F/B ratio of 5.7 g furfural/gVSS compared to 4.83
mmol H2/ g substrate (0.87 mol H2/mol glucose) in our study at a F/B ratio of 3.08 g
furfural/gVSS-d. Similarly, Monlau et al. (2013) obtained 9 mmol H2/ g substrate when testing
sunflower stalks hydrolysate in batches using ADS at a F/B ratio of 0.17 g furfural/gVSS
compared to 14.78 mmol H2/ g substrate (2.66 mol H2/mol glucose) in our study at a F/B ratio
of 0.13 g furfural/gVSS-d (Table 5-3). On the other hand, the results of this study contradict
with the results obtained by Fangkum & Reungsang, (2011) who tested elephant dung using
sugarcane bagasse in batches at a F/B ratio of 0.005 g furfural/gVSS and obtained 4.9 mmol H2/
g substrate. The high hydrogen yields in this study compared to the aforementioned studies at
almost similar F/B ratios are attributed to the long-term acclimatization. The sludge was
exposed to increasing furfural concentrations throughout the experiment, and thus the microbial
culture tolerance to this inhibitor improved with time unlike the unacclimatized batches. A 2.66
mol H2/mol glucose was obtained at a F/B ratio of 0.13 g Furfural/gVSS-d in R1 in phase 2
while 0.87 mol H2/mol glucose was obtained at a F/B ratio of 3.08 g Furfural/gVSS-d in R1 in
phase 6 (Fig. 5-5 and Table 5-1). Similarly, a 1.66 mol H2/mol xylose was obtained at a F/B
ratio of 0.15 g furfural/gVSS-d in R2 during phase 2 while 0.57 mol H2/mol xylose was obtained
at a F/B ratio of 3.06 g furfural/gVSS-d in R2 in phase 6 (Fig. 5-5 and Table 5-2). The data
obtained from this study suggested that the higher the furfural-to-biomass ratio the lower is the
molar hydrogen yield and vice versa. On the other hand, the average food-to-microorganisms’
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ratio (F/M) in R1and R2 ranged from 5.7 to 8.2 gCOD/gVSS-d throughout the experiment in
line with past IBRCS studies (Hafez et al., 2010) (Tables 5-1 and 5-2). The biomass-specific
hydrogen production rates for both R1 and R2 ranged from 1.4 to 2 L H2/gVSS-d in phases 1 to
5 (Tables 5-1 and 5-2). As evident from Tables 5-1 and 5-2 the biomass-specific hydrogen
production rate was significantly affected at furfural concentrations above 2 g/L furfural,
consistent with the 1.5- 2 g/L inhibition threshold level reported by Cao et al. (2010).
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Figure 5-3. a: VSS in R1, b: VSS in R2
158

90 100 110 120 130

1/Ɵc =Y (S˚-S)/XƟ -Kd
1
0.9

1/Ɵc (1/d)

0.8
0.7
0.6
0.5
R1

R2

0.4

y = 0.1103x - 0.0816
R² = 0.7633
y = 0.1189x - 0.1976
R² = 0.783

0.3
4.0

5.0

6.0

7.0

8.0

9.0

10.0

(S˚-S)/XƟ (g sugar/g VSS.d)

Figure 5-4. Biomass yield in R1 and R2

3.50

d

Furfural-to-biomass ratio
(g Furfural/g VSS.d)

3.00
2.50
2.00
R1

1.50

R2
1.00

0.50
0.00
phase 2

phase 3

phase 4
Phase number

Figure 5-5. Furfural-to-biomass ratio in R1 and R2

159

phase 5
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Table 5-3. Impact of furfural to biomass ratio (F/B) on mesophilic hydrogen production from different feed substrates
Substrate

Reactor type

Dark fermentation conditions

Feed substrate and
inhibitors
concentrations

Furfural / biomass Hydrogen
ratio (F/B) g
yields
furfural/g VSS
(mmol H2/
g substrate)

Reference

Xylose

batch

37 ˚C, pH 5.5, anaerobic
digested sludge pretreated at
90 ˚C for 10 min

Soluble sugars: 5 g/L

5.7

3.4

(Quemeneur et
al., 2012)

4.9

(Fangkum &
Reungsang,
2011)

1.22

(Fangkum &
Reungsang,
2011)

9

(Monlau et al.,
2013)

1.15

(Monlau et al.,
2013)

Sugarcane batch
bagasse
hydrolysate

Furfural: 1000 mg/L
no other by-products

37 ˚C, pH 5.5, elephant dung Soluble sugars: 3.9 g/L 0.005
pretreated at 100 ˚C for 2 h

Furfural: 4 mg/L
Soluble sugars: 5.2 g/L 0.16
Furfural: 135 mg/L

Sunflower batch
Stalks
hydrolysate

35 ˚C, pH 5.5, anaerobic

Soluble sugars: 5.1 g/L 0.17

digested sludge pretreated

Furfural: 43 mg/L

at 90 ˚C for 15 min
Soluble sugars: 5.25
g/L
Furfural: 86 mg/L
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0.34

Soluble sugars: 5.5 g/L 0.69

0

(Monlau et al.,
2013)

0.13

14.8

This study

0.28

13.4

This study

0.60

10

This study

1.39

9.03

This study

3.08

4.83

This study

Furfural: 172 mg/L
Glucose

Continuousflow system

37 ˚C, pH 5.5, anaerobic

Soluble sugars: 10 g/L

digested sludge pretreated

Furfural: 0.25 g/L

at 70 ˚C for 30 min
acclimatized with glucose
37 ˚C, pH 5.5, anaerobic

Soluble sugars: 10 g/L

digested sludge acclimatized
with glucose and furfural
(0.25 g/L)

Furfural: 0.5 g/L

37 ˚C, pH 5.5, anaerobic

Soluble sugars: 10 g/L

digested sludge acclimatized
with glucose and furfural
(0.5 g/L)

Furfural: 1 g/L

37 ˚C, pH 5.5, anaerobic

Soluble sugars: 10 g/L

digested sludge acclimatized
with glucose and furfural (1
g/L)

Furfural: 2 g/L

37 ˚C, pH 5.5, anaerobic

Soluble sugars: 10 g/L

digested sludge acclimatized
with glucose and furfural (2
g/L)

Furfural: 4 g/L
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Furfural degradation through anaerobic hydrogen fermentation
Microorganisms are able to reduce furfural to their corresponding alcohols, furfuryl alcohol,
which is less inhibitory (Almeida et al., 2009). However, the rates for this reduction vary
considerably even between different strains of the same species. Although yeast is able to
develop a short-term adaptive response towards furfural, the identified genes responsible for
furfural tolerance are different from microorganisms (Almeida et al., 2009). One of the
interesting observations in this study is that, no furfural was detected in the effluent throughout
the experiment in both reactors (Tables 5-4 and 5-5). This suggests that the acclimatized
anaerobic mixed culture was able to degrade furfural to less toxic compounds. From the
literature survey, as discussed previously, furfural can be degraded to furfuryl alcohol (Nicolaou
et al., 2010; Taherzadeh et al., 1999; Zaldivar et al., 2001), formic acid (Almeida et al., 2009;
Monlau et al., 2013), and acetic acid (Liu et al., 2015) under anaerobic conditions and to furoic
acid (Ran et al., 2014) under aerobic conditions.
Furfural negatively affects in vitro glycolytic enzymes and exerts an additional inhibitory effect
on aldehyde dehydrogenase activity, resulting in an accumulation of acetaldehyde that would
be responsible for the lag-phase during the growth of S. cerevisiae in presence of furfural
(Palmqvist et al. 1999; Zaldivar et al., 2001). Furfural at a concentration of 4 g/l severely
decreased the specific growth rate despite conversion to the less inhibitory furfuryl alcohol
(Taherzadeh et al. 1999).
A confirmation experiment has been done to investigate furfural degradation by-products. Two
batches denoted as B1and B2 were set up with the reactors biomass in phase 5 at a pH of 5.5
and 37 ˚C using furfural as a sole carbon source at a concentration of 2 g/L. The results showed
that furfural was completely degraded by the acclimatized anaerobic sludge with no hydrogen
162

production. Since neither hydrogen nor methane were detected, the produced biogas appears to
be predominantly carbon dioxide. Acetate and butyrate were produced at respective
concentrations of 1.25 g/L and 0.30 g/L, in B1, and 1.26 g/L and 0.34 g/L, respectively, in B2,
while formic acid was not detected. These values correspond to 56% to 59% of the initial COD
value (2 g furfural/L = 3.34 g COD/L) (data not shown). This suggests that another by-product,
most likely furfuryl alcohol was formed. This is in agreement with the experimental data
reported by Zeng et al. (2015) who observed acetate accumulation with no hydrogen production
when 1200 mg/L of the mixture of the five compounds, furfural ;5-hydroxymethyl furfural,
syringic acid; vanillic acid; and 4-hydroxybenzoic acid, HBA, was tested as a substrate in MEC
(Zeng at al., 2015). On the other hand, Barakat et al. (2012) showed that furfural could be
biodegraded by anaerobic consortia with a methane potential of 430 mL CH4/g furfural,
representing 74% of the theoretical value. Boopathy and Daniels, (1991) reported that 1 mole
of acetic acid was produced from 1 mole of furfural using a sulfate reducing bacterium,
Desulfovibrio sp. with minimal hydrogen or ethanol. Based on equation (5.2), it appears that
the reaction is thermodynamically favorable as the reaction ∆G = -152 KJ/mol. This suggests
that furfural at low concentrations may indeed stimulate hydrogen.
C5H4O2 + 6H2O

CH3COOH + 3CO2 + 6H2

∆G = -152 KJ/mol (5.2)

∆G = ∆G HAc (-392) +3 ∆G CO2 (-394.4) + 6 ∆G H2 (0) – 6 ∆G H2O (-237.2) - ∆G furfural (0)
Theoretically from eq. (5.2) 6 moles of H2 are produced from 1 mole of furfural, and thus, in
phase 2, an additional 8.34 L H2/d (0.33 mol H2/d) is expected. This is in agreement with our
findings in R1, where the difference in hydrogen production rate between phases 1 and 2 is 11.6
L H2/d (0.45 mol H2/d), while the difference in R2 is 3.5 L H2/d (0.14 mol H2/d). As evident
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from Tables 5-4 and 5-5, the significant difference observed in R1 is due to the higher acetate
concentration in phase 2 (2620 mg/L) than in Phase 1 (2415 mg/L) while the marginal difference
observed in R2 is due to the higher butyrate in phase 2 (2555 mg/L) than in phase 1 (2428
mg/L).
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Table 5-4. Summary of products and COD mass balance in R1
Measured parameter

R1-phase 1

R1-phase 2

R1-phase 3

R1-phase 4

R1-phase 5

R1-phase 6

R1-phase 7

VSSa reactor (mg/L)

5380 ± 420

5675 ± 245

5395 ± 275

5027 ± 413

4337 ± 397

3913 ± 259

4056 ± 110

VSS out (mg/L)

915 ± 80

1009 ± 63

923 ± 70

966 ± 107

986 ± 97

1069 ± 109

831 ± 62

VSS out (mgCOD/d)

27285 ± 2391 30076 ± 1889 27534 ± 2072 28806 ± 3181 29428 ± 2893 31865 ± 3237 24631 ± 1796

SCODb out (mg/L)

7936 ± 581

8651 ± 456

8825 ± 753

9631 ± 505

11453 ± 676

13749 ± 217

8073 ± 230

Acetic (mg/L)

2415 ± 206

2620 ±215

1888 ± 100

1475 ± 276

2005 ± 191

2361 ± 494

1117 ± 90

Butyric (mg/L)

2112 ± 184

2143 ± 154

2518 ± 458

2426 ± 509

2346 ± 152

2266 ± 166

2474 ± 330

Propionic (mg/L)

529 ± 260

411 ± 93

290 ± 110

606 ± 723

468 ± 341

176 ± 89

655 ± 57

Lactate (mg/L)

NDc

ND

310 ± 210

230 ± 160

310 ± 170

700 ± 100

40 ± 10

Formate (mg/L

ND

ND

ND

ND

150 ± 224

ND

ND

Ethanol (mg/L)

ND

ND

118 ± 32

200 ± 111

447 ± 66

774 ± 97

464 ± 116

TVFAd (mgCODe/L)

7222

7317

7368

7145

7495

7658

6722

% TVFA (gCOD/L)/Influent
(gCOD/L)

91

85.5

83.5

74.2

65.4

55.7

83.3

Mol acetate/butyrate

0.98

1.05

0.65

0.52

0.74

0.9

0.39

Glucose out (mg/L)

12 ± 11

ND

126 ± 114

201 ± 149

225 ± 145

396 ± 41

16 ± 11

Furfural out (mg/L)

ND

ND

ND

ND

ND

ND

ND

Hydrogen gas (L/d)

67.0 ± 3.5

78.6 ± 4.0

71.0 ± 3.2

53.0 ± 4.5

48.0 ± 3.7

25.7 ± 2.4

48.32 ± 3.38

Hydrogen gas (gCOD/d)

43.0 ± 2.2

49.7 ± 2.6

44.9 ± 2.0

28.0 ± 13.2

29 ± 6.8

16.3 ± 1.6

30.54 ± 2.14

COD balance (%)

98 ± 6

108 ± 4

100 ± 8

98 ± 3

97 ± 6

93 ± 2

99 ± 4

a

Volatile suspended solids; b Soluble chemical oxygen demand; c Not Detected; d Total volatile fatty acids; e Chemical oxygen demand

ND: Not Detected
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Table 5-5. Summary of products and COD mass balance in R2
Measured parameter

R2-phase 1

R2-phase 2

R2-phase 3

R2-phase 4

R2-phase 5

R2-phase 6

VSSa reactor (mg/L)

4230 ± 143

5217 ± 518

5203 ± 449

4838 ± 447

4314 ± 348

3925 ± 149

VSS out (mg/L)

839 ± 57
25012 ±
1713
8162 ± 458

811 ± 89
241790 ±
2648
8564 ± 644

901 ± 112

SCODb out (mg/L)

952 ± 105
28389 ±
3145
7988 ± 258

931 ± 88
26871 ±3325 27748 ±
2611
9576 ± 781
11157 ± 664

1124 ± 85
33526 ±
2535
14060 ± 317

Acetic (mg/L)

1871 ± 231

1674 ± 268

1601 ± 190

1583 ± 207

2000 ± 305

2643 ± 260

Butyric (mg/L)

2428 ± 336

2555 ± 343

2622 ± 360

2614 ± 393

2146 ± 355

1792 ± 114

Propionic (mg/L)

165 ± 78

187 ± 76

254 ± 101

573 ± 179

697 ± 114

870 ± 124

Lactate (mg/L)

NDc

65 ± 73

14 ± 22

129 ± 132

417 ± 136

661 ± 82

Formate (mg/L

ND

36 ± 89

14 ± 23

40 ± 106

155 ± 77

ND

Ethanol (mg/L)

ND

ND

30 ± 32

330 ± 111

380 ± 60

650 ± 97

TVFAd (mgCODe/L)

6664

6801

6883

7462

7592

8099

% TVFA (gCOD/L)/Influent
(gCOD/L)

83.4

83.3

80.4

77.9

68

57.6

Mol acetate/butyrate

0.66

0.56

0.53

0.52

0.8

1.27

Xylose out (mg/L)

ND

35 ± 39

122 ± 172

48 ± 9

59 ± 29

404 ± 28

Furfural out (mg/L)

ND

ND

ND

ND

ND

ND

Hydrogen gas (L/d)

55.3 ± 2.7

58.8± 6.2

54.5 ± 5.2

48.3 ± 6.1

41.2 ± 4.1

20.28 ± 2.0

Hydrogen gas (gCOD/d)

35.0 ± 3.56

37.3 ± 4.0

34.4 ± 3.2

30.1 ± 4.3

25.3 ± 3.4

12.9 ±1.3

VSS out (mgCOD/d)

COD balance (%)
105 ± 4
102 ± 6
101 ± 7
102 ± 7
97 ± 6
96 ± 3
a
b
c
d
e
Volatile suspended solids; Soluble chemical oxygen demand; Not Detected; Total volatile fatty acids; Chemical oxygen
demand
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COD mass balances
The COD mass balances for both reactors, computed considering the measured influent and
effluent CODs, and the equivalent CODs for both gas and biomass are shown in Tables 5-4 and
5-5. The closure errors of the COD balances for all phases were below 8% and 5% in R1and
R2, respectively, indicating that the measurements of metabolic products were quite accurate
and prove the reliability of the data (Tables 5-4 and 5-5). The ratio of VFAs to effluent SCOD
generally decreased with increasing influent furfural concentration, ranging from 65% - 91% in
R1, and 56% - 83% in R2, with acetate and butyrate as the predominant VFAs. Acetate was the
main soluble by-product in R1 in phase 1, 2, and 6 and butyrate was in phases 3, 4, and 5 while
in R2 butyrate was the main soluble by-product throughout the experiment except in phase 6
where acetate was. The lower hydrogen yields observed in phase 6 were concomitant with high
ethanol and lactate concentrations of 0.77g/L and 0.7g/L, respectively in R1 and 0.65 g/L and
0.66 g/L, respectively in R2 (Tables 5-4 and 5-5). This is an indicator of a microbial shift that
occurred in phase 6 at a furfural concentration of 4 g/L, while neither ethanol nor lactate were
detected in phases 1 and 2 in both R1 and R2 at which hydrogen production yields peaked. The
results of this study confirm the findings of Monlau et al. (2013) who studied mesophilic
biohydrogen production from glucose at a concentration of 5 g/L in the presence of increasing
volumes of dilute acid hydrolysate generated from sunflower stalks pretreatment which
typically contains furfural using ADS. They observed a clear shift of dominant microbial
populations from Clostridium sp. to Sporolactobacillus sp., suggesting a specific inhibition of
the biohydrogen-producing bacteria by adding increasing furfural concentrations. This
microbial shift was attributed to a change in end products from volatile fatty acids (VFAs) to
ethanol and lactic acid. Similarly, Liu et al., (2015) observed high concentrations of lactic acid
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of (0.34 g/L) and (2.4 g/L) when 1g/L and 2 g/L of HMF were added to steam-exploded
cornstalk in batch mesophilic biohydrogen test using ADS. The aforementioned authors
reported that Lactobacillus was found among the microbial communities formed by the addition
of HMF, suggesting that the production of lactic acid resulted from the addition of HMF.
Another interesting observation in this study is the gradual decrease in hydrogen yield in phases
3 to 6 corresponding to a gradual increase in ethanol and lactic acid concentrations (Tables 5-4
and 5-5). High hydrogen yields (78.0–414.0 mL-H2/g sugars) were achieved when acetate was
the dominant metabolic pathway (Kongjan et al., 2009; Yokoyama et al., 2009; Zheng et al.,
2008), while lower hydrogen yields of 21.2 and 52.3 mL-H2/g-sugars, respectively, were
associated with higher lactate concentration and coincident with unstable or overloading
conditions (Kongjan et al., 2010). Similar to the results achieved in this study, Fangkum &
Reungsang, (2011) observed that the main soluble metabolic products were butyrate followed
by acetate in biohydrogen production from xylose-rich sugarcane bagasse (SCB) hydrolysate
using elephant dung with high HBu/TVFAs ratio (0.85-0.93). Similarly, Quemeneur et al.
(2012) detected high HBu/TVFAs ratio of 49.7% compared to HAc/TVFAs ratio of 33.3% in
anaerobic mixed cultures for hydrogen fermentation using xylose as a carbon source.
Based on the average measured concentrations of acetate, butyrate, and propionate, and the
production of 4 moles H2/ mol acetate, 2 moles H2/ mol butyrate, and -2 mol H2/mol propionate
from the decomposition of glucose (Gupta et al., 2014) the theoretical hydrogen production can
be estimated. On the other hand, xylose can be converted to hydrogen with a maximum yield of
3.33 mol H2/mol xylose and 1.67 mol H2/mol xylose when acetate and butyrate are produced
respectively in accordance with equations 5.3 and 5.4.
C5H10O5 + 1.67H2O → 1.67CH3COOH + 1.67CO2 + 3.33H2
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(5.3)

C5H10O5 → 0.83C3H7COOH + 1.67CO2 + 1.67H2

(5.4)

Comparison of theoretical hydrogen production based on the acetate and butyrate and measured
H2 produced in both R1 and R2 is given in (Table 5-6). The experimentally observed H2
production was consistent with the theoretical H2 produced in the first four phases for both R1
and R2, with differences varying from -14% to 15%, however, in both R1 and R2 in phases 5
and 6 the experimentally observed H2 production was very low compared to the theoretical one.
This could be attributed to higher acetate concentration that was detected in these phases which
resulted from furfural degradation as discussed before.
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Table 5-6. Theoretical hydrogen production in R1 and R2 based on the acetate and butyrate produced
Acetic Butyric Propionic From
acid
acid
acid
Acetic acid

From Butyric
acid

From
Propionic acid

Theoretical
H2

Measured H2

g/L

g/L

g/L

LH2/d

LH2/d

LH2/d

LH2/d

L/d

R1 - phase 1

2.41

2.11

0.53

43.0

25.6

-3.8

64.8

67.0

-3

R1 - phase 2

2.62

2.14

0.41

46.7

26.0

-3.0

69.7

78.6

-13

R1 - phase 3

1.89

2.52

0.29

33.6

30.6

-2.1

62.1

71.0

-14

R1 - phase 4

1.48

2.43

0.61

26.3

29.5

-4.4

51.4

53.2

-4

R1 - phase 5

2.01

2.35

0.47

35.7

28.5

-3.4

60.8

48.0

21

R1 - phase 6

2.36

2.27

0.18

42.1

27.5

-1.3

68.3

25.7

62

R1 - phase 7

1.12

2.47

0.66

19.9

30.0

-4.7

45.2

48.3

-7

R2 - phase 1

1.87

2.43

0.17

33.3

29.5

-1.2

61.6

55.3

10

R2 - phase 2

1.67

2.56

0.19

29.8

31.0

-1.3

59.5

59.0

1

R2 - phase 3

1.60

2.62

0.25

28.5

31.8

-1.8

58.5

54.5

7

R2 - phase 4

1.58

2.61

0.57

28.2

31.7

-4.1

55.8

47.6

15

R2 - phase 5

2.00

2.15

0.70

35.6

26.1

-5.0

56.7

40.0

29

R2 - phase 6

2.64

1.79

0.87

47.1

21.7

-6.2

62.6

20.4

67

Reactor name
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%
difference

System recovery
R1 and R2 exhibited similar behavior with respect to both hydrogen production rates and yields,
so recovery was studied only in R1. The glucose-fed reactor (R1) was tested for recovery in
phase 7, in which no furfural was added to the feed substrate (glucose). By the end of phase 6,
the sludge was centrifuged, the supernatant was discarded and the pellet was used as inoculum
for phase 7. The steady-state results revealed that the hydrogen production yield increased from
0.87 mol H2/mol glucose at 4 g/L furfural to 1.64 mol H2/mol glucose in phase 7 with no furfural
added. It is obvious from the data obtained in phase 7 (Table 5-1) that around a 100% increase
in terms of hydrogen yield, hydrogen production rate, and biomass-specific hydrogen
production rate was observed in phase 7 relative to phase 6. On the other hand, comparing phase
7 to phase 1 without furfural, hydrogen yield, and hydrogen production rate decreased by around
28%. However, biomass-specific hydrogen production rate decreased by only 5%. This
suggests that, once the inhibition is eliminated, biohydrogen fermentation could be recovered.
It is obvious from the data reported in Table 5-4 that lactate concentration in R1 decreased from
0.7 g/L in phase 6 to 0.04 g/L in phase 7 and ethanol concentration decreased from 0.77 g/L in
phase 6 to 0.46 g/L in phase 7. This is in agreement with the experimental data reported by
Arreola-Vargas et al. (2013) who studied hydrogen production from oat straw acid and
enzymatic hydrolysate in an anaerobic sequencing batch reactor (ASBR) using granular sludge
acclimatized with glucose/xylose at a pH of 4.5, 35 ˚C and HRT of 8 h. The reactor was fed
initially with glucose/xylose as a model substrate at a concentration of 5 g COD/L (1:1, COD
basis). A yield of 2 mol H2/mol sugar consumed was obtained before the feed was gradually
changed to a mixture of oat straw enzymatic hydrolysate and oat straw acid hydrolysate at a
concentration of 5 g COD/L (1:1, COD basis) in which hydrogen yields dropped to 0.38 mol
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H2/mol sugar consumed. In the aforementioned study, system recovery was investigated when
the mixed substrates, acid and enzymatic hydrolysate, were completely substituted by oat straw
enzymatic hydrolysate at a concentration of 5 g COD/L, a yield of 0.81 mol H2/mol sugar
consumed was obtained. This suggested that by removing inhibition, biohydrogen fermentation
could be partially recovered, since oat straw acid hydrolysate contained some inhibitors (mg/L)
i.e. hydroxymethyl furfural (HMF) 133.2 ± 23.3; furfural 0.6 ± 0.4; vanillin 3.6 ± 0.9 while no
inhibitors were detected during oat straw enzymatic hydrolysate. Only 41% recovery was
obtained, 0.81 mol H2/mol sugar consumed compared to 2 H2/mol sugar consumed with the
model substrates (Arreola-Vargas et al., 2013). The incomplete recovery observed in the
aforementioned study could be attributed to the difference in the hydrolysate composition since
the acid hydrolysate has mixed sugars i.e. glucose, xylose, arabinose, mannose, and galactose
while glucose and xylose only were produced during enzymatic hydrolysis.
The average biomass yield observed in R1, in phase 7 was 0.08 g VSS/g sugar while the average
concentration of VSS was 4056±110 mg/ L. COD balance closures in R1 in Phases 7 was
99±4%. TVFAs in phase 7 accounted for 83% of the SCOD

out

in R1 (Table 5-4). During this

phase, butyrate was the main soluble by-product and the molar acetate/butyrate ratio was 0.39
compared to 0.98 in R1 in phase 1. This suggests that lower hydrogen yield of 1.64 mol H2/mol
glucose was produced through the butyrate pathway compared to 2.27 mol H2/mol glucose in
R1 in phase1 through the acetate pathway.
It is noteworthy that the acclimatized anaerobic sludge in the system tolerated increasing
furfural concentration and despite the complete degradation of furfural to less toxic compounds,
furfural at a concentration of 4 g/L severely inhibited the specific growth rate potentially due to
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the conversion of furfural to furfuryl alcohol which affects the intra cellular redox balance as
reported by Zaldivar et al. (2001).
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Conclusions
The outcome of this study revealed that acclimatization of ADS with increasing influent furfural
concentrations in the continuous-flow system increased the tolerance towards this inhibitor.
Although the glucose-fed reactor exhibited 17% and 6% increase in hydrogen yield at furfural
concentrations of 0.25 and 0.5 g/L, respectively, the hydrogen yield decreased by 21%, 29%
and 62% at furfural concentrations of 1, 2, and 4 g/L, respectively. Adding low furfural
concentration at 0.25 g/L to glucose-fed reactor stimulated hydrogen production. Furfural
inhibition is reversible, as evidenced by the 95% recovery in the biomass-specific hydrogen
production rate. The inhibition threshold level for furfural with proper acclimatization appears
to be in the range of 2-4 g/L, much higher than the 1 g/L reported in the literature for batch
studies.VSS removal efficiencies in the clarifiers deteriorated with increased furfural
concentrations decreasing from 83% without furfural to 72.2% at 4 g/L furfural in the glucosefed system, and from 85% to 71% in the xylose-fed system.
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Chapter 6 *

6

Effect of Substrate Concentration and Furfural on
Biohydrogen Production from Synthetic Lignocellulosic
Hydrolysate Using Mesophilic Mixed Cultures
Introduction

Biological hydrogen production through anaerobic dark fermentation, is environmentallyfriendly and consumes less energy than other hydrogen production methods. It is the most
attractive hydrogen production technology as it offers the potential for using renewable
resources i.e. food wastes, crop residues, and agricultural wastes, and a wide variety of
microbial cultures (Guo et al., 2010; Levin et al., 2004). These low-grade biomasses are
carbohydrate-rich complexes which need pretreatment to release the fermentable sugars
(Nissila¨ et al., 2014).
Commonly used pretreatment technologies are physical (e.g. milling, grinding and irradiation)
(Zhu et al., 2010), chemical (e.g. alkali, dilute/concentrated acid, oxidizing agents, and organic
solvents) (Behera et al., 2014), and physicochemical (e.g. hydrothermal pretreatment, and wet
oxidation) (Kumar et al., 2009). To enhance the pretreatment efficiency, these methods can be
used at high temperature and pressure. However, the increase of the severity index (combination
of the temperature and the residence time) leads to the increase of fermentation by-products
(inhibitors) (Gonzales et al., 2016), such as furan derivatives (furfural and hydroxymethyl
furfural (HMF)) which are products of pentoses and hexoses dehydration, respectively, organic
acid (acetic acid) which originates from the hydrolysis of acetyl groups in hemicellulose, and
phenolic compounds (syringaldehyde, vanillin, hydroxyl benzoic acid)

* This chapter is under preparation for submission to Waste Management Journal
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arising from lignin decomposition (Palmqvist & Hahn-Hägerdal, 2000).
The furan derivatives are particularly harmful to fermentative microorganisms, with furfural
significantly more potent than HMF (Taherzadeh et al., 1999; Sakai et al., 2007; Almeida et al.,
2008; Haroun et al., 2016a). The impact of furan derivatives on biomethane production has been
thoroughly investigated (Park et al., 2011; Badshah et al., 2012) with biohydrogen production
only recently receiving attention (Cao et al., 2010; Monlau et al., 2013; Quéméneur et al., 2012;
Haroun et al., 2016a; Akobi et al., 2016 ). Specifically, Haroun et al. (2016a) who studied
mesophilic biohydrogen production from 10 g/L glucose and xylose at a pH of 5.5 individually
in continuous-flow systems and furfural concentrations of 0, 0.25, 0.5, 1, 2 and 4 g/L, reported
that the threshold level of the reversible furfural inhibition was from 2-4 g/L. Akobi et al. (2016)
who studied biohydrogen production from synthetic lignocellulosic hydrolysates in batches
using anaerobic digester sludge (ADS) at a pH of 5.5 and 37 ⁰C tested different furfural
concentrations ranging from 0-4 g/L at different initial substrate (COD)-to-biomass ratio
(S⁰/X⁰) ranging from 0.5-4, and reported that furfural at a concentration up to 1 g/L stimulated
hydrogen production by 19% at an S⁰/X⁰ of 4. Siqueira and Reginatto, (2015) reported that the
mesophilic biohydrogen yields from 40 g/L glucose fermentation by mixed cultures decreased
with increasing furfural concentrations with no hydrogen production at 2 g/L furfural.
Quemeneur et al. (2012) investigated the effect of furfural and HMF on biohydrogen
fermentation from xylose in batches and reported that the maximum hydrogen yields were
inhibited by 70% and 76% upon adding furfural and HMF, respectively at a concentration of 1
g/L. A 78% reduction in the hydrogen yield at a furfural concentration of 86 mg/L was observed
by Monlau et al. (2013) who tested biohydrogen production from glucose at a concentration of
5 g/L in the presence of increasing volumes (0%, 3.75%, 7.5%, 15% and 35% (v/v)) of dilute
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acid hydrolysate generated from sunflower stalks pretreatment using ADS at mesophilic
temperature. On the other hand, in the case of anaerobic digestion, methanogens are able to
degrade and utilize the above-mentioned inhibitors more efficiently compared to hydrogenproducing microorganisms (Rivard and Grohmann,1991; Badshah et al., 2012; Barakat et al.
2012). Lignocellulosic hydrolysate byproducts inhibit the hydrogen producing cultures with
minimal inhibition for the methane-producing microorganisms.
Aside from the inhibitory compounds produced during the pretreatment of biomass, pH,
substrate concentration, and hydrogen partial pressure amongst others have been reported to be
important factors that affect hydrogen production rates and yields (Chou et al., 2008). Substrate
concentration has been described as an important factor for hydrogen production as it affects
metabolic pathways and the structures of microbial communities, potentially inhibiting
hydrogen production through formation of intermediate products (Ginkel et al. 2005; Kim et
al., 2006; Kyazze et al., 2006).
Argun et al. (2008) studied biohydrogen production in batches using varying concentrations of
powdered wheat solution and observed that at a substrate concentration of > 20 g/L,
fermentation efficiency deteriorated most likely due to substrate and product (VFA) inhibition.
Batch biohydrogen production utilizing varying concentrations of arabinose (0 to 100 g/L) with
ADS indicated that higher concentrations of arabinose (up to 100 g/L) inhibited hydrogen
production (Danko et al., 2008). The effect of temperature and substrate concentration on batch
biohydrogen production from starch using mixed cultures was investigated by Akutsu et al.
(2009). The aforementioned authors observed that hydrogen yields decreased with a change in
by-product distribution at starch concentrations of over 30 g/L at thermophilic conditions.
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Ciranna et al. (2014) also studied the effect of initial substrate concentration on the growth and
hydrogen production of Caloramator celer on glucose at 0 to 300 mM (0 to 54 g/L). The
aforementioned authors observed an increase in biomass synthesis, hydrogen accumulation and
hydrogen yields up to glucose concentration of 9 g/L, with inhibition observed above 18 g/L.
Searches on Google Scholar, Scifinder, and Engineering Village databases using keywords
“furfural inhibition, biohydrogen production, and substrate inhibition” revealed that no previous
work has been conducted on the impact of combined inhibitions i.e. substrate inhibition in the
presence of furfural for biohydrogen production using mixed cultures, with all previous work
focused on either substrate inhibition or furfural inhibition. Furthermore, as apparent from Table
6-1 there are only 10 papers on dark fermentative hydrogen production from various substrates
in the presence of furfural using various mesophilic and thermophilic cultures. Monlau et al.
(2013), Quéméneur et al. (2012), and Fangkum and Reungsang (2011) primarily tested low
sugar concentrations (<5.5 g/L) well below the reported threshold levels of 20 g/L for xylose
(Lin and Cheng, 2006) and 25 g/L for glucose (Wang and Wan, 2008), and low furfural
concentration (<1 g/L). Similarly, Haroun et al. (2016a) and Akobi et al. (2016), Lin et al.
(2015), and Cao et al. (2010) tested furfural inhibition at sugar concentrations (≤10 g/L).
Although Sharma and Melkania (2017) tested carbohydrates concentrations of around 23 g/L
and furfural concentration of up to 5 g/L, they used a co-culture of Enterobacter aerogenes and
E. coli. Of the ten studies reported in Table 6-1, the only two that used high concentrations of
sugars (> 30-40 g/L) range, which may induce substrate inhibition simultaneously with high
furfural (>>1 g/L) in mixed cultures are Siqueira and Reginatto, (2015) and Akobi et al. (2016).
The findings of the two aforementioned studies were contradictory, however, with Siqueira and
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Reginatto, (2015) reporting significant reduction of hydrogen yield at 1 g/L furfural and Akobi
et al. (2016) reporting significant increase at 1 g/L.
Notwithstanding the scarcity of the literature studies, the novelty of this work stems directly
from the lack of research on the impact of both substrate and furfural inhibition simultaneously
on mesophilic anaerobic cultures for biohydrogen production in batches. Previous studies lack
information on the impact of combined inhibitions such as substrate inhibition in presence of
furfural, and focused only on either substrate inhibition or furfural inhibition. Thus, the
objective of this study was to investigate the extent of inhibition exerted by varying furfural
concentrations and substrate concentrations on biohydrogen production from lignocellulosic
hydrolysates using mesophilic mixed cultures.
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Table 6-1. Impact of initial furfural concentration, initial substrate concentration, and furfural to biomass ratio (F/B) on mesophilic
biohydrogen production from different feed substrates.
Substrate

Reactor type

Dark fermentation conditions

Feed substrate and inhibitors
concentrations

Furfural / biomass
ratio (F/B) g
furfural/g VSS

Xylose

batch

37 ˚C, pH 5.5, anaerobic digested
sludge pretreated at 90 ˚C for 10
min

Soluble sugars: 5 g/L
Furfural: 1000 mg/L no other
by-products

Sugarcane
bagasse
hydrolysate

batch

37 ˚C, pH 5.5, elephant dung
pretreated at 100 ˚C for 2 h

Sunflower
Stalks
hydrolysate

Glucose

batch

Continuousflow system

35 ˚C, pH 5.5, anaerobic
digested sludge pretreated
at 90 ˚C for 15 min

37 ˚C, pH 5.5, anaerobic
digested sludge pretreated
at 70 ˚C for 30 min acclimatized
with glucose
37 ˚C, pH 5.5, anaerobic
digested sludge acclimatized with
glucose and furfural (0.25 g/L)
37 ˚C, pH 5.5, anaerobic
digested sludge acclimatized with
glucose and furfural (0.5 g/L)

Reference

5.7

Hydrogen
yields (mmol
H 2/ g
substrate)
3.4

Soluble sugars: 3.9 g/L
Furfural: 4 mg/L

0.005

4.9

(Fangkum and
Reungsang, 2011)

Soluble sugars: 5.2 g/L
Furfural: 135 mg/L
Soluble sugars: 5.1 g/L
Furfural: 43 mg/L

0.16

1.22

0.17

9

(Fangkum and
Reungsang, 2011)
(Monlau et al.,
2013a)

Soluble sugars: 5.25 g/L
Furfural: 86 mg/L
Soluble sugars: 5.5 g/L
Furfural: 172 mg/L
Soluble sugars: 10 g/L
Furfural: 0.25 g/L

0.34

1.15

0.69

0

0.13

14.8

Soluble sugars: 10 g/L
Furfural: 0.5 g/L

0.28

13.4

(Haroun et al.,
2016a)

Soluble sugars: 10 g/L
Furfural: 1 g/L

0.60

10

(Haroun et al.,
2016a)
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(Quéméneur et
al., 2012)

(Monlau et al.,
2013a)
(Monlau et al.,
2013a)
(Haroun et al.,
2016a)

Synthetic
lignocellulosi
c hydrolysate

Glucose

Synthetic
lignocellulosi
c hydrolysate

batch

batch

batch

37 ˚C, pH 5.5, anaerobic
digested sludge acclimatized with
glucose and furfural (1 g/L)
37 ˚C, pH 5.5, anaerobic
digested sludge acclimatized with
glucose and furfural (2 g/L)
37 ˚C, pH 5.5, anaerobic
digested sludge pretreated
at 70 ˚C for 30 min, S0/X0 of 4

37 ˚C, pH 6, anaerobic
sludge collected from UASB dried
at 105 °C for 12 h, S0/X0 of 7.9

37 ˚C, pH 5.5, anaerobic
digested sludge pretreated
at 70 ˚C for 30 min, S0/X0 of 4

Soluble sugars: 10 g/L
Furfural: 2 g/L

1.39

9.03

(Haroun et al.,
2016a)

Soluble sugars: 10 g/L
Furfural: 4 g/L

3.08

4.83

(Haroun et al.,
2016a)

Soluble sugars: 8.8 g/L
Furfural: 0.5 g/L

0.20

3.8

(Akobi et al.,
2016)

Soluble sugars: 8.8 g/L
Furfural: 1 g/L
Soluble sugars: 8.8 g/L
Furfural: 2 g/L
Soluble sugars: 8.8 g/L
Furfural: 4 g/L
Soluble sugars:39.2 g/L
Furfural: 0 g/L

0.41

5.8

0.82

7.6

1.64

5.63

0.00

1.27

(Akobi et al.,
2016)
(Akobi et al.,
2016)
(Akobi et al.,
2016)
(Siqueira and
Reginatto, 2015)

Soluble sugars:39.1 g/L
Furfural: 0.25 g/L

0.05

1.01

(Siqueira and
Reginatto, 2015)

Soluble sugars:39.0 g/L
Furfural: 0.5 g/L

0.10

0.82

(Siqueira and
Reginatto, 2015)

Soluble sugars:38.9 g/L
Furfural: 1 g/L

0.19

0.55

(Siqueira and
Reginatto, 2015)

Soluble sugars:38.6 g/L
Furfural: 2 g/L

0.39

0.00

(Siqueira and
Reginatto, 2015)

Soluble sugars: 32.7g/L
Furfural: 0 g/L

0

6.1

(Akobi et al.,
2017)

Soluble sugars: 32.7g/L
Furfural: 1 g/L
Soluble sugars: 32.7g/L
Furfural: 4 g/L

0.11

9.1

0.43

1.6

(Akobi et al.,
2017)
(Akobi et al.,
2017)
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Synthetic
lignocellulosi
c hydrolysate

OFMSWa

glucose

xylose

batch

batch

Batch

55 ˚C, pH 5.5, anaerobic
digested sludge pretreated
at 70 ˚C for 30 min, S0/X0 of 4

37 ˚C, pH 5.5, co-culture of
Enterobacter aerogenes and E. coli

35 ˚C, pH 6, Mixed hydrogenproducing bacteria were isolated
from
anaerobic digestion sludge

60 ˚C, pH 7,
Thermoanaerobacterium
thermosaccharolyticum W16

Soluble sugars: 32.7g/L
Furfural: 0 g/L

0

8.4

(Akobi et al.,
2017)

Soluble sugars: 32.7g/L
Furfural: 1 g/L
Soluble sugars: 32.7g/L
Furfural: 4 g/L
Carbohydrate conc. :22.97 g/L
Furfural : 0 g/L
Carbohydrate conc. :22.97 g/L
Furfural : 0.25 g/L
Carbohydrate conc. :22.97 g/L
Furfural : 0.5 g/L
Carbohydrate conc. :22.97 g/L
Furfural : 1 g/L
Carbohydrate conc. :22.97 g/L
Furfural : 2 g/L
Carbohydrate conc. :22.97 g/L
Furfural : 5 g/L
Soluble sugars: 10 g/L
Furfural: 0 g/L

0.12

3.9

0.48

0

-

0.36

-

0.42

-

0.38

-

0.33

-

0.27

-

0.18
9.8

(Akobi et al.,
2017)
(Akobi et al.,
2017)
Sharma and
Melkania , 2017
Sharma and
Melkania , 2017
Sharma and
Melkania , 2017
Sharma and
Melkania , 2017
Sharma and
Melkania , 2017
Sharma and
Melkania , 2017
Lin et al., 2015

9.6

Lin et al., 2015

9.4

Cao et al., 2010

9

Cao et al., 2010

6.6

Cao et al., 2010

Soluble sugars: 10 g/L
Furfural: 1.44 g/L
Soluble sugars: 9.81 g/L
Furfural: 0 g/L
HMF: 0 g/L
Soluble sugars: 9.81 g/L
Furfural: 0.5 g/L
HMF: 0.5 g/L
Soluble sugars: 9.81 g/L
Furfural: 0.8 g/L
HMF: 0.8 g/L

a: Organic Fraction of Municipal Solid Waste
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Materials and Methods
Seed sludge and substrate
Mesophilic anaerobic digester sludge (ADS) was obtained from the Guelph Wastewater
Treatment Plant, Guelph, Canada to be used as seed sludge for biohydrogen production in
batches. ADS was preheated at 70 °C for 30 min before use in order to suppress the activity of
methanogens or hydrogen-consuming bacteria (Hafez et al., 2010). The total suspended solids
(TSS) and volatile suspended solids (VSS) concentrations of the ADS were 16.4 and 12.5 g/L,
respectively. The synthetic lignocellulosic hydrolysate used as substrate had the following
composition: xylose, 50 g/L (76%); glucose, 6.7 g/L (10%); arabinose, 5.9 g/L (9%); galactose,
2.5 g/L (4%); mannose, 0.3 g/L; formate, 1.23 g/L and acetate, 1.81 g/L as described by Akobi
et al. (2016). The prescribed lignocellulosic hydrolysate is quite similar in terms of sugars
content to the corn stover hydrolysate described by Jennings and Schell (2011) (xylose 74%,
glucose 12%, arabinose 9%, and galactose 6%)

Batch setup
A 128 g sugar/L stock solution (1.96 times concentration) of the substrate composition
described above (with a total sugar concentration of 65.3 g/L) was prepared and the required
volumes of substrate and seed needed to maintain a substrate-to-microorganisms (S⁰/X⁰) ratio
of 6 gCOD/gVSS was calculated using the equation described in Akobi et al. (2016). The mass
of volatile suspended solids added to each bottle differed with different initial sugar
concentration. Each furfural concentration of 0 g/L, 1 g/L and 2 g/L was tested at substrate
concentrations of 2 g sugar/L, 8 g sugar /L, 16 g sugar /L, 24 g sugar /L and 32 g sugar /L (Table
6-2). The samples will be designated henceforth based on substrate and furfural concentrations
i.e. B32-1 would indicate 32 g sugar/L with 1 g/L furfural. All experiments were conducted
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using 125 mL Wheaton bottles with working volumes of 100 mL. A mineral solution was added
to the bottles, with initial concentrations of inorganics in the bottles (mg/L): NaHCO3, 5000;
CaCl2, 140; MgCl2.6H2O, 160; MgSO4.7H2O, 160; Na2CO3, 200; KHCO3, 200; K2HPO4, 15;
trace mineral solution, 500 mg/ L; H3PO4, 500 mg/L and urea, 1000 mg/L.
Table 6-2. Batch set up
Batch name

Substrate
conc.
(g sugar/L)

B2-0
B2-1

Furfural
conc.
(g/L)

mL of mL of mg
stock
sludge
VSS
solution

Initial
VSS
(mg/L)

0
2

1

1.6

2.9

35.6

356

F/B
(g/g)

F/S
(g/g)

0

0

2.81

0.56

B2-2

2

5.62

1

B8-0

0

0

0

0.7

0.125

B8-1

8

1

6.3

11.4

142

1423

B8-2

2

1.41

0.25

B16-0

0

0

0

0.35

0.0625

B16-1

16

1

12.5

22.8

285

2845

B16-2

2

0.7

0.125

B24-0

0

0

0

0.23

0.042

B24-1

24

1

18.8

34.1

427

4268

B24-2

2

0.47

0.083

B32-0

0

0

0

0.18

0.031

0.35

0.062

B32-1
B32-2

32

1

25

45.5

2

569

5688

The initial pH for the mixed solution in each bottle was adjusted to 5.50±0.2 using 2N HCl and
NaOH. All batches were conducted in triplicates. Bottles were purged with nitrogen gas for a
few minutes to strip them of any oxygen present and placed in a swirling-action table-top shaker
with temperature maintained at 37 ± 2 °C. Liquid samples were taken at the start and end of the

189

experiment for analysis while gas samples were taken every few hours to determine hydrogen
composition.
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Analytical methods
Glass syringes in the range of 10-100 mL (Perfektum / Popper&Sons, inc./ New Hyde Park,
N.Y., Japan) were used for measuring the biogas produced from the batches. H2 production was
calculated from headspace measurements of gas composition and the total volume of biogas
produced, at each time interval, using the mass balance equation (6.1) described by López et al.
(2007).
VH2,i = VH2,i-1 + CH2,i * VG,i + Vh,i (CH2,i - CH2,i-1)

(6.1)

Where VH2,i and VH2,i-1 are cumulative H2 gas volumes at the current (i) and previous (i-1) time
intervals. VG,i is the total biogas volume accumulated between the previous and current time
intervals. CH2,i and CH2,i-1 are the fractions of H2 gas in the headspace of the reactor in the current
and previous intervals, and Vh,i is the total volume of the headspace of the reactor in the current
interval. Hydrogen was measured using a gas chromatograph (Model 310 SRI Instruments,
Torrance, CA) as described by Hafez et al. (2010). COD was measured using HACH methods
and test kits (HACH DRB 200 COD reactor and HACH Odyssey DR 2800 spectrophotometer).
TSS and VSS were analyzed using standard methods (APHA, 2005). Monomeric sugars and
furfural were analyzed using a Dionex IC20 Ion Chromatograph equipped with a refractive
index detector (RID) (Perkin Elmer Series 200, PerkinElmer Instruments Inc., USA) and an
Aminex® HPX-87H column (BIO-RAD laboratories, USA) with the following parameters:
pump flow rate – 0.6 mL/min; mobile phase - 9 mM H2SO4, column temperature- 30 °C and
injection volume of 0.5 mL. Data was processed using the ONLINE chromatostation software.
The concentrations of volatile fatty acids (VFAs) were analyzed using a gas chromatograph
(Varian 8500, Varian Inc., Toronto, Canada) with a flame ionization detector (FID) equipped
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with a fused silica column (30 m × 0.32 mm). Helium was used as a carrier gas at a flow rate of
5mL/min. The temperatures of the column and detector were 110 and 250 ⁰C, respectively.
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Results and Discussion
Factors affecting dark fermentative biohydrogen production
6.3.1.1 Impact of furfural
Figures 6-1 and 6-2 show the H2 production profiles for the synthetic lignocellulosic hydrolysate
at various substrate concentrations without furfural (Fig. 6-1) and with furfural at a
concentration of 1 g/L (Fig. 6-2). It is obvious from Figs 6-1 and 6-2 that there is a diauxic
growth (two lag phases) during the biohydrogen production from synthetic lignocellulosic
hydrolysate at all substrate concentrations and both in the absence and presence of furfural at 1
g/L. This could be attributed to the composition of the synthetic lignocellulosic hydrolysate
comprising a mixture of pentose and hexose sugars which degrade at different rates. On the
contrary, Haroun et al. (2017), observed one lag phase when they tested a mixture of pentose
and hexose sugars for biohydrogen production, however, the composition of the mixture was
completely different than the one used in this study (glucose was the main sugar in the
aforementioned study accounting for 50% to 75 % of the substrate COD while xylose is the
main sugar in this study accounting for 76% of the substrate COD).
Average H2 yields of 292, 271, 255, 175, and 122 mLH2/g sugar added were achieved with no
furfural in B2-0, B8-0, B16-0, B24-0, and B32-0 batches, respectively, corresponding to 1.77,
1.65,1.55, 1.06, and 0.74 mol H2/mol sugars added, respectively. Since the lignocellulosic
hydrolysates used in this study comprised pentose sugars (C5) and hexose sugars (C6), the
hydrogen yield in terms of mol H2/ mol sugars added was calculated using equation (6.2).
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Figure 6-1. H2 production profiles for the synthetic lignocellulosic hydrolysate at various
substrate concentrations and 0 g/L furfural.
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Figure 6-2. H2 production profiles for the synthetic lignocellulosic hydrolysate at various
substrate concentrations and 1 g/L furfural.
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1𝐿

[(𝑌 (𝑚𝐿 𝐻2 ) × 1000 𝑚𝐿) ×

0.079 𝑔𝐻2
1𝐿𝐻2

×

1 𝑚𝑜𝑙 𝐻2
2 𝑔 𝐻2

]÷[

𝑚𝐶5 (𝑔)
150 𝑔
𝑚𝑜𝑙 𝑝𝑒𝑛𝑡𝑜𝑠𝑒

+

𝑚𝐶6 (𝑔)
180 𝑔
𝑚𝑜𝑙 ℎ𝑒𝑥𝑜𝑠𝑒

]

(6.2)

Where Y is the cumulative hydrogen yield in mLH2. The density of the hydrogen gas at 37 ⁰C
is 0.079 g H2/ 1L H2. 𝑚𝐶5 , 𝑚𝐶6 are the masses of pentoses and hexoses sugars added, in grams,
respectively. On the other hand, average H2 yields of 191, 268, 250, 151, and 122 mLH2/g sugar
were achieved with 1 g/L furfural in B2-1, B8-1, B16-1, B24-1, and B32-1 batches, respectively,
corresponding to 1.16, 1.62, 1.52, 0.91, and 0.74 mol H2/mol sugars added, respectively.
Interestingly, no hydrogen gas was produced at a furfural concentration of 2 g/L at the
aforementioned substrate concentrations after 200 h.
The results of this study confirm the findings of Lin et al. (2015) who studied the effect of furan
derivatives and phenolic compounds on mesophilic batch hydrogen production from glucose at
a concentration of 10 g/L with ADS and reported that there was no significant difference in the
hydrogen yields when furfural was added to the batches at a concentration of 1.44 g/L (242 mL
H2/ glucose) compared to the control with no furfural addition (248 mL H2/ glucose). Cao et al.
(2010) showed that no hydrogen was produced at 2 g/L furfural when a pure culture of
Thermoanaerobacterium thermosaccharolyticum W16 was tested using acid-pretreated corn
stover hydrolysate. However, the aforementioned authors reported 18% reduction in the
hydrogen yield when 1 g/L furfural was added. Contrary to other literature studies (Siqueira and
Reginatto, 2015; Monlau et al., 2013; Quemeneur et al., 2012; Kongjan et al., 2010; Fangkum
& Reungsang, 2011; Liu et al., 2015) where furfural was inhibitory at 1 g/L furfural, the present
study showed that there was no effect on hydrogen yields in the presence of furfural at a
concentration of 1 g/L and at S⁰/X⁰ of 6 gCOD/ gVSS. A study by Quemeneur et al. (2012)
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which examined mesophilic hydrogen production at a pH of 5.5 using xylose at a concentration
of 5 g/L with different inhibitors such as furan derivatives, phenolic compounds, and lignin on
ADS reported that furan derivatives were the most toxic with a 70% drop in hydrogen yield to
0.51 mol H2/mol xylose at 1 g/L furfural. Furthermore, Monlau et al. (2013) investigated
mesophilic biohydrogen production from co-digestion of glucose at a concentration of 5 g/L in
addition to acid-pretreated sunflower stalks hydrolysates (0%, 3.75%, 7.5%, 15% and 35%
(v/v)) and ADS as seed, pH of 5.5. The hydrogen yield of 0.45 mol H2/mol hexose was observed
at a furfural concentration of 86 mg/L (78% reduction in biohydrogen yield compared to the
control without furfural) with a complete inhibition at 172 mg/L furfural.
The maximum specific hydrogen production rates (MSHPR) were 53, 58, 107, 76, and 31 mL
H2/g VSS.h in B2-0, B8-0, B16-0, B24-0, and B32-0 batches, respectively, while the maximum
specific hydrogen production rates were 38, 58, 128, 56, and 48 mL H2/g VSS.h in B2-1, B8-1,
B16-1, B24-1, and B32-1 batches, respectively (Table 6-3 and Fig. 6-3). Interestingly, the
maximum specific hydrogen production rates at 2 g/L and 8 g/L of sugars, and at furfural
concentrations of 0 g/L and 1 g/L (B2-0, B8-0, B2-1, and B8-1) occurred after the first lag phase
(between 14 h to 53 h) while the maximum specific hydrogen production rates at 16 g/L, 24
g/L, and 32 g/L at furfural concentrations of 0 g/L and 1 g/L (B16-0, B24-0, B32-0, B16-1,
B24-1, and B32-1) occurred after the second lag phase (almost after 110 h). The aforementioned
observation regarding the timing of the MSHPR suggest substrate inhibition, as depicted in
Figure 6-3. The results of the maximum specific hydrogen production rates for the 2 and 8 g/L
sugars reported in the present study confirm the experimental results reported by Haroun et al.
(2017) who investigated hydrogen production from C5 and C6 individually and in combination
using ADS in batches and reported maximum specific hydrogen production rates ranging from
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46.4 mL H2/g VSS.h to 57.9 mL H2/g VSS.h at initial sugars concentration of 10 g/L and S⁰/X⁰
of 6.5 g COD sugar/g VSS. On the other hand, the results of this study contradict with the results
obtained by Akobi et al. (2016) who reported a MSHPR of 28.2 mLH2/ gVSS.h at 1 g/L furfural
and S⁰/X⁰ of 2 g COD sugar/g VSS compared to MSHPR of 128 mLH2/ gVSS.h at 1 g/L furfural
and S⁰/X⁰ of 6 g COD sugar/g VSS obtained in this study. This could be attributed to either the
difference in the initial substrate-to-biomass ratio or the source of the seed sludge. An increase
in substrate concentration above 16 g/L caused a decrease in the maximum specific hydrogen
production rate which might have been due not only to substrate inhibition but also volatile fatty
acids accumulation, or a shift in the metabolic pathway towards lactic acid production as stated
by Frascari et al. (2013).

MSHPR (mL H2/gVSS.h)

MSHPR vs S˚
Furfural 1 g/L

130
120
110
100
90
80
70
60
50
40
30
20
10
0

Control (furfural=0)

0

2

4

6

8

10 12 14 16 18 20 22 24 26 28 30 32 34

Substarte conc. (g/L)
Figure 6-3. Plot of maximum specific hydrogen production rate against substrate
concentration at furfural concentrations of 0 and 1 g/L.
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Table 6-3. Hydrogen Production Yields and Rates
Batch
name

B2-0

Substrate Furfural
conc.
conc.

H2 production
yield

H2 production
yield

MSHPR

mL

mLH2/g sugar

mol H2/mol sugar

mLH2/gVSS.h

292 ± 31

1.77 ± 0.19

53 ± 5 (2)

a

0

58 ± 6.2 (3)

B2-1

1

38 ± 1.8 (2)

191 ± 8.9

1.16 ± 0.05

38 ± 1 (2)

B2-2

2

0

0

0.00

0

0

217 ± 3 (3)

271 ± 3.7

1.65 ± 0.02

58 ± 3 (3)

B8-1

1

214 ± 5.6 (3)

268 ± 6.9

1.62 ± 0.04

58 ± 10 (2)

B8-2

2

0

0

0.00

0

0

408 ± 11.5 (3)

255 ± 7.2

1.55 ± 0.04

107 ± 5 (3)

B16-1

1

400 ± 20 (3)

250 ± 12.2

1.52 ± 0.07

128 ± 9 (3)

B16-2

2

0

0

0.00

0

0

419 ± 20 (3)

175 ± 8.2

1.06 ± 0.05

76 ± 4 (3)

B24-1

1

361 ± 21 (3)

151 ± 8.7

0.91 ± 0.05

56 ± 4 (2)

B24-2

2

0

0

0.00

0

0

391 ± 27 (3)

122 ± 8.6

0.74 ± 0.05

31 ± 3 (2)

1

391 ± 31 (2)

122 ± 9.8

0.74 ± 0.06

48 (1)

0

0

0.00

0

B8-0

B16-0

B24-0

B32-0
B32-1

2 g/L

Cumulative H2
production

8 g/L

16 g/L

24 g/L

32 g/L

B32-2
2
a Number of replicates

6.3.1.2 Impact of furfural-to-biomass (F/B)
Hafez et al. (2010) observed that the optimum food-to-microorganisms’ ratios (F/M) ranged
from 4.4 to 6.4 g COD/g VSS-d. In light of the literature findings, microorganisms are able to
convert furfural to its reduced form which is furfuryl alcohol consuming some of the reductive
power (NADH) (Lin et al., 2015) (equation 6.3). In dark fermentative biohydrogen process,
NADH therefore, is not sufficient to reduce H+ to H2 (equation 6.4) rationalizing the lower
hydrogen production with furfural addition (Oh et al., 2011). However, in the presence of
furfural, microorganisms secrete reductive enzymes which coupled with cofactors (NADH) in
bacteria consequently consume the NADH available for hydrogen production (Lin et al., 2015).
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Ask et al. (2013) reported the decline of the intracellular level of NADH from 0.48 to 0.2
Mmol/gDS with simultaneous addition of furfural and HMF.

(3)

NADH + H+ + microorganisms

NAD++ H2
(4)

The rates of furfural degradation vary significantly with varying furfural-to-biomass (F/B) and
furfural-to-substrate (F/S) ratios. In this study, different furfural-to-biomass (F/B) and furfuralto-substrate (F/S) ratios were studied at constant S⁰/X⁰ of 6 g COD sugar/g VSS with different
initial furfural concentrations for biohydrogen production in batches. It has been reported in the
literature that the lower the F/B ratio, the higher is the hydrogen yield (Siqueira and Reginatto,
2015; Monlau et al., 2013; Haroun et al., 2016a). Surprisingly, that was not the case in our
study where at F/B ratio of 0.7 g furfural/ gVSS and S⁰/X⁰ of 6 gCOD/gVSS in both B8-1 and
B16-2, the hydrogen yields were incomparable. At a furfural concentration of 1g/L and substrate
concentration of 8 g/L (B8-1), the hydrogen yield was 1.62 mol H2/ mol sugar added while at
furfural concentration of 2g/L and substrate concentration of 16 g/L (B16-2), no hydrogen was
detected. Similarly, in the case of B16-1 and B32-2 which were run at the same F/B ratio of
0.35 and S⁰/X⁰ of 6, the hydrogen yield was 1.52 mol H2/ mol sugar added in B16-1 whereas
no hydrogen was detected in B32-2. Contrary to the data reported in the literature, there was no
F/B trend with respect to enhancement or reduction of the hydrogen yields even while
neglecting all the batches with furfural of 2g/L (Tables 2-3). In the present study, F/B ratios
from 0.18 g furfural/gVSS to 5.63 g furfural/gVSS were tested. At F/B ratio of 0.35 in B16-1,
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the hydrogen yield was 1.52 mol H2/mol sugar added while at F/B ratio of 0.25 in B24-1, the
hydrogen yield was 0.91 mol H2/mol sugar added. The decline in hydrogen yields with
decreasing F/B could be due to substrate inhibition since the same trend was observed in the
absence of furfural (1.55 mol H2/mol sugar added in B16-0 compared to 1.06 mol H2/mol sugar
added in B24-0) (Table 6-2 and 6-3).

6.3.1.3 Impact of furfural-to-substrate (F/S)
Another interesting parameter that has been studied in these experiments was the initial furfuralto-substrate ratio (F/S). In this study, F/S has been tested from 0.031 to 1 g furfural/g sugar for
biohydrogen production at constant S⁰/X⁰ of 6 gCOD/gVSS. Hydrogen yields increased from
1.16 mol H2/mol sugar added in B2-1 to 1.62 mol H2/mol sugar added in B8-1, with decreasing
F/S ratio from 0.56 g furfural/g sugar to 0.125 g furfural/g sugar, respectively (Tables 6-2 and
6-3). However, the hydrogen yields dropped to 0.74 mol H2/mol sugar added in B32-1 when
F/S decreased to 0.031. This could be attributed to the substrate inhibition as evidenced by the
hydrogen yields produced with no furfural addition in B2-0 (1.77 mol H2/mol sugar added)
compared to B32-0 (0.74 mol H2/mol sugar added). The most salient finding of the present study
is that the initial furfural concentration is more significant for biohydrogen production than both
F/B and F/S.

6.3.1.4 Impact of initial substrate concentration
The initial concentration of a substrate is an important factor to consider during fermentative
hydrogen production as high amounts of substrate can lead to accumulation of inhibitory
organic acids which could result in the inhibition of microbial growth, incomplete conversion
of substrate and changes in metabolite production profile (Akutsu et al., 2009; Bielen et al.,
2013; van Niel et al., 2003). Leskovac (2003) stated that substrate inhibition is usually rare in a
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mono-substrate but is more realistic in cases with more than one substrate, as one substrate may
have affinity for the other substrate’s binding site especially when both substrates are
chemically similar. The substrate used in this study was a poly-substrate made up of a mixture
of C5 and C6 sugars comprised primarily of 76% xylose, 10% glucose, 9% arabinose, and the
rest a mixture of other sugars such as galactose and mannose. Since xylose is the predominant
sugar in the synthetic lignocellulosic hydrolysate tested in the present study, its inhibition level
should be investigated. Table 6-4 presents a summary of the xylose inhibition thresholds
reported in the literature compared to this study. It is obvious from Table 6-4 that the optimum
xylose concentration ranged from 7.5 g/L to 20 g/L except one study where the optimum xylose
concentration was 0.5 g/L (Kongjan et al., 2009). This could be attributed to the low range of
xylose concentration (from 0.5 g/L to 2 g/L) that has been tested in the aforementioned study.
In the present study, the initial substrate concentration ranged from 2 g/L to 32 g/L
(corresponding to xylose concentrations of 1.5 g/L – 24.3 g/L) in the presence and absence of
furfural has been investigated which covers the literature xylose inhibition threshold for mixed
cultures.
The SHPR (mL/gVSS/h) was calculated based on the hydrogen produced between respective
time intervals and normalized to the initial biomass concentration in each bottle. Accordingly,
the MSHPR was the highest calculated SHPR. The plots of MSHPR versus substrate
concentration (S) shown in Fig. 6-3 at 0 g/L and 1 g/L furfural indicate substrate inhibition. The
MSHPR of 106.8 mL/gVSS/h and 128.1 mL/gVSS/h observed at furfural concentrations of 0
g/L and 1 g/L, respectively, indicate that maximum specific hydrogen production rate was
achieved at a substrate concentration of 16 g/L at both furfural concentrations. Above and below
this concentration, hydrogen production rate was suboptimal due to substrate inhibition at the
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higher concentrations and substrate limitation at the lower substrate concentrations. The
maximum hydrogen production rates are similar at both furfural concentrations of 0 g/L and 1
g/L which indicate that the effect of furfural as an inhibitor was negligible and inhibition was
more predominantly caused by substrate concentration.
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Table 6-4. Summary of xylose inhibition threshold levels
Substrates

Range

Optimum

Inhibition

Temperature Mode Maximum H2 yield
or productivity

Clostridium butyricum
CGS5

5–40

20

40

37

Xylose

Anaerobic digester
sludge

10–100

20

>20

35

Batch 2 mol H2/mol
xylose

Xylose

Mixture of thickened
sludge and digested cow
manure

2.5-12.5

7.5

>7.5

35

Batch 1.2 mol H2/mol
xylose

Lin and
Cheng,
2006
Qiu et al.,
2016

Xylose

Thermophilic mixed
cultures

2.5-15

7.5

>12.5

70

Batch 1.29 mol H2/mol
xylose

Qiu et al.,
2017

Xylose

Acclimatized anaerobic
mixed cultures

0.5-4

0.5

2

70

Batch 1.62 mol H2/mol
xylose

Kongjan et
al., 2009

Xylose

ADS

2-32

16

>16

37

Batch

This study

Xylose

Seed sludge

Substrate concentration (g xylose /L)

Batch
0.73 mol H2/mol
xylose
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Reference
Lo et al.,
2008

Statistical analysis
In order to examine the relationship between hydrogen yield and operational parameters i.e.
substrate concentrations, F/B, F/S, S⁰/X⁰, furfural concentrations, and initial VSS levels, statistical
analysis was conducted to examine the Pearson coefficients (Table 6-5). Initial furfural
concentrations showed high coefficients with H2 yield (-0.8) and MSHPR (-0.68) while other
parameters showed insignificant correlation (p>0.05), indicating that the initial furfural
concentration is the primary factor for reducing hydrogen production. Additionally, H 2 yield also
showed a strong correlation with MSHPR.
Multiple regression analysis was also conducted to assess the effect of the operational conditions
on hydrogen production. The selected independent variables were substrate concentrations,
furfural concentrations, F/B ratio, F/S ratio, and initial VSS concentrations.
In this analysis, since all the independent variables have different units, standardized regression
coefficients of the variables or beta coefficients calculated by subtracting the mean value from the
variable and dividing by its standard deviation were used to indicate the sensitivity of the
dependent variable to each of the independent variables. Higher beta coefficients indicate greater
impact on the dependent variable.
With the five independent variables, the prediction of hydrogen production (mol H2/ mol sugar
added) was expressed by equation (6.5). This model was statistically significant at R2 of 0.8 and
95% confidence level. However, p values of individual variables were mostly greater than 0.05
(Table 6-5) except furfural concentration, indicating that the predictability of this model was
heavily dependent on furfural concentrations.
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Hydrogen production = 5.1 × substrate concentrations – 0.55 × Furfural + 1.36 ×F/B – 8.5 ×F/S 0.03 ×VSS + 2.05

(6.5)

The beta coefficients are 80.9, -0.7, 3.0, -3.3, and -81.4 for substrate, furfural, F/B, F/S, and VSS
concentrations, respectively while the parameter which was statistically significant was furfural
concentration (p<0.05). Hence, both the Pearson coefficients and the multiple regression analysis
indicated that furfural concentration was the major factor impacting on hydrogen yields and
production rates.
Table 6-5. Pearson coefficients
sub. Conc.

MSHPR

F/B

F/S

S⁰/X⁰

furfural
conc.

Initial
VSS

H2 yield

-0.30

0.82

-0.38

-0.38

N/A

-0.82

-0.30

p value

>0.05

<0.05

>0.05

>0.05

N/A

<0.05

MSHPR

-0.02

N/A

-0.40

-0.40

N/A

-0.68

-0.02

P value

>0.05

N/A

>0.05

>0.05

N/A

<0.05

>0.05

Sugars conversion and furfural degradation
Although hydrogen production may be inhibited in the presence of either high substrate
concentrations or high furfural concentrations, sugars can be converted in non-hydrogen producing
pathways to lactate, ethanol, as well as hydrogen-consuming pathways to propionate (Monlau et
al., 2014). One possible explanation of the metabolic shift is the microbial shift from H2 producers
to H2 consumers as described by Monlau et al. (2013) and Haroun et al. (2016b). Figures 6-4, 6-5,
and 6-6 and Table 6-6 show the influence of furfural concentration on sugar conversion. No
residual sugars were observed at the end of the batches at substrate concentrations of 2 and 8 g
sugars/L at both 0 g/L and 1 g/L furfural (B2-0, B8-0, B2-1, and B8-1), with respective hydrogen
yields of 1.77, 1.65, 1.16, and 1.62 mol H2/mol sugars added. Around 4% of the initial sugars were
detected in B8-2 (Table 6-6). Although 96% of the initial sugars were degraded, no hydrogen was
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produced. This could be attributed to the production of lactate. At an initial substrate concentration
of 16 g/L at both 0 g/L and 1 g/L furfural (B16-0 and B16-1), sugars conversion efficiencies were
96% and 98%, respectively (Figs 6-4 and 6-5), while in B16-2, the sugar conversion efficiency
decreased to 55% with final lactate-to-TVFAs ratio of 0.48 g COD

lactate/

g COD

TVFAs

with no

hydrogen production (Table 6-6).

Concentration ( g/L)

10
8
6

Lactic (g/L)
Residual sugars (g/L)
Acetic (g/L)
Propionic (g/L)
Butyric (g/L)
Furfural (g/L)

Furfural (0 g/L)

4
2
0
B2-0

B8-0

B16-0
Batch name

B24-0

B32-0

Figure 6-4. Concentration of various soluble components after synthetic lignocellulosic
hydrolysates fermentation at 0 g/L furfural
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Concentration ( g/L)

10
8

Furfural (1 g/L)
Lactic (g/L)
Residual sugars (g/L)
Acetic (g/L)
Propionic (g/L)
Butyric (g/L)
Furfural (g/L)

6
4

2
0
B2-1

B8-1

B16-1
Batch name

B24-1

B32-1

Figure 6-5. Concentration of various soluble components after synthetic lignocellulosic
hydrolysates fermentation at 1 g/L furfural

Concentration ( g/L)

25
20
15

Lactic (g/L)
Residual sugars (g/L)
Acetic (g/L)
Propionic (g/L)
Butyric (g/L)
Furfural (g/L)

Furfural (2 g/L)

10
5
0
B2-2

B8-2

B16-2
Batch name

B24-2

B32-2

Figure 6-6. Concentration of various soluble components after synthetic lignocellulosic
hydrolysates fermentation at 2 g/L furfural.
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Table 6-6. summary of volatile fatty acids and sugar conversion
gCOD Lactate/g
CODTVFA

Residual
sugars (g/L)

sugar
conversion

TVFA (g
COD)

mol HAc/
mol HBu

0.00
0.00

100
100

1.8
2.7

3.2
7.7

B2-2

0.00
0.39
0.39

0.01

100

4.1

8.9

B8-0

0.00

0.00

100

7.2

0.9

B8-1

0.13

0.00

100

8.5

1.4

B8-2

0.34

0.37

95

9.6

4.2

B16-0

0.01

0.68

96

11.2

1.1

B16-1

0.12

0.31

98

12.1

1.3

B16-2

0.48

7.15

55

8.7

12.5

B24-0
B24-1
B24-2

0.24
0.32
0.48

1.48
4.20
14.90

94
83
38

18.0
18.0
9.6

1.1
1.8
2.1

B32-0

0.42

5.56

83

21.4

2.3

B32-1

0.48

9.40

71

22.3

2.9

B32-2

0.44

19.18

40

17.0

490

Batch name
B2-0
B2-1

At initial sugars concentrations of 24 g/L and 32 g/L with no furfural addition, the sugars
conversion efficiencies decreased to 94% and 83%, respectively, with hydrogen production yields
of 1.06 and 0.74 mol H2/mol sugars added, respectively, potentially due to the apparent shift in the
soluble by-product towards lactate as reflected by lactate-to-TVFAs ratios of 0.24 g CODlactate/g
CODTVFA and 0.42 g CODlactate/g CODTVFA, respectively (Table 6-6).
In B24-0 and B32-0, not only lactate (the non-hydrogen producing pathway) but also propionate
(the hydrogen consuming pathway), increased at substrate concentrations of 24 g/L and 32 g/L,
with propionate concentrations of 1.25 g/L and 1.58 g/L, compared to 0.09, 0.35, and 0.42 g/L in
B2-0, B8-0, and B16-0, respectively. A similar trend was observed for furfural concentration of 1
g/L and substrate concentrations of 24 and 32 g/L (B24-1 and B32-1), where the sugar conversion
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efficiencies decreased to 83% and 71%, respectively. The hydrogen yields were 0.91 mol H2/ mol
sugars added and 0.74 mol H2/ mol sugars added in B24-1 and B32-1 corresponding to 1.1 mol
H2/ mol sugars consumed and 1.05 mol H2/ mol sugars consumed, respectively.
As mentioned previously, although no hydrogen was produced at an initial furfural concentration
of 2 g/L at all substrate concentrations, sugar conversion efficiencies varied from 38% to 100% in
all batches with 2 g/L furfural, with the two lowest efficiencies of 38% and 40% observed at initial
substrate concentrations of 24 g/L and 32 g/L (B24-2 and B32-2), respectively (Table 6-6).
Interestingly, the lactate-to-TVFAs ratios in B24-2 and B32-2 were 0.44 and 0.48 gCOD

lactate/

gCODTVFA indicating that lactate fermentation might occur at both high substrate and high furfural
concentrations.
Microorganisms are able to degrade furfural to less inhibitory compounds, furfuryl alcohol (under
anaerobic conditions), furoic acid (under aerobic conditions) (Taherzadeh et al., 1999), and/or
acetate (Boopathy and Daniels, 1991; Haroun et al., 2016a). However, the rate of degradation
varies considerably depending on the initial furfural concentration and the type of microbial
cultures (Almeida et al., 2009). Haroun et al.(2016a) reported that 1 mole of furfural could be
converted to 1 mole of acetate with biohydrogen production at low furfural concentration of up to
0.5 g/L under anaerobic conditions. In the present study, furfural was completely degraded at a
concentration of 1 g/L with hydrogen production yields comparable to the yields at zero furfural.
Furfural at a concentration of 2 g/L was inhibitory for hydrogen fermentation specifically at S⁰/X⁰
of 6 g COD sugars/ g VSS regardless of the initial substrate concentrations. Furfural was not
detected at the end of the batch tests, at all substrate concentrations when furfural was added at a
concentration of 1 g/L, while final furfural concentrations were directly proportional to the initial
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substrate concentrations when furfural was added at a concentration of 2 g/L. This suggests that
hydrogen was not produced until all furfural was consumed, confirming the observation of Akobi
et al. (2017) who reported that furfural had to be completely broken down by both mesophilic and
thermophilic mixed cultures before hydrogen production was observed. In all batches with 2g/L
furfural, it appeared that there was an inverse relationship between initial substrate concentrations
and furfural conversion with the residual furfural increasing linearly with increasing initial sugar
concentration (correlation not shown, R2= 0.976).

Soluble microbial by-products and COD mass balances
It is obvious from the data reported in Table 6-7 and Figures 6-4, 6-5, and 6-6 that the distribution
of VFAs during biohydrogen fermentation is highly dependent on the initial substrate and furfural
concentrations. Without furfural at substrate concentrations of 2, 8, and 16 g/L (B2-0, B8-0, and
B16-0), acetate and butyrate were the main soluble by-products with minimal propionate, while
lactate was predominant and produced at concentrations of 4.1 g/L and 8.3 g/L in B24-0, and B32
0, respectively (Table 6-7 and Fig. 6-4), corresponding to lactate-to-TVFAs ratios of 0.24 gCOD
lactate

/gCOD TVFA and 0.42 gCOD lactate /gCOD TVFA.

At 1 g/L furfural, and substrate concentrations of 2, 8, and 16 g/L, not only acetate and butyrate
but also lactate were produced (Fig. 6-5). Nonetheless, the hydrogen production was not affected
by lactate production in B8-0 and B16-0 where the lactate-to-TVFAs ratios were 0.13 gCOD lactate
/gCOD

TVFA

and 0.12 gCOD

lactate

/gCOD

TVFA,

respectively, whereas at an initial substrate

concentration of 2 g/L, the lactate-to-TVFAs ratio was 0.39 gCOD lactate /gCOD TVFA rationalizing
the 34% reduction in the hydrogen yield in B2-1 (1.16 mol H2/mol sugars added) relative to B2-0
(1.77 mol H2/ mol sugars added) (Tables 6-3 and 6-7).

210

Table 6-7. Liquid metabolites produced and residual sugars concentrations.
Batch

Glucose

Xylose Arabinose

Lactic

Formic

Acetic

Propionic

Butyric

Furfural Ethanol

Isobutyric

Valeric

Isovaleric

name

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

B2-0

0.00

0.00

0.00

0.00

0.00

0.64

0.09

0.29

0.00

0.00

0.112

0.100

0.014

B2-1

0.00

0.00

0.00

1.00

0.00

1.10

0.02

0.21

0.00

0.30

0.014

0.020

0.009

B2-2

0.00

0.01

0.00

1.50

0.11

1.33

0.41

0.22

0.22

0.16

0.007

0.023

0.004

B8-0

0.00

0.00

0.00

0.00

0.00

1.55

0.35

2.57

0.00

0.01

0.149

0.021

0.028

B8-1

0.00

0.00

0.00

1.01

0.00

1.92

0.43

2.00

0.00

0.11

0.076

0.442

0.023

B8-2

0.00

0.31

0.06

3.04

0.01

2.85

0.52

1.00

0.26

0.02

0.011

0.345

0.002

B16-0

0.28

0.40

0.00

0.14

0.00

2.87

0.42

3.90

0.00

0.00

0.113

0.007

0.011

B16-1

0.30

0.00

0.01

1.32

0.00

3.20

0.49

3.49

0.00

0.00

0.008

0.090

0.009

B16-2

0.16

5.84

1.15

3.89

0.07

3.42

0.00

0.40

0.62

0.00

0.009

0.043

0.001

B24-0

0.25

1.23

0.00

4.10

0.04

3.18

1.25

4.22

0.00

0.00

0.104

0.108

0.106

B24-1

0.28

3.74

0.18

5.43

0.05

3.94

1.33

3.29

0.00

0.00

0.000

0.000

0.000

B24-2

0.28

13.57

1.05

4.32

0.10

1.68

0.60

1.20

0.83

0.00

0.000

0.033

0.010

B32-0

0.30

5.03

0.23

8.32

0.12

4.49

1.58

2.90

0.00

0.00

0.001

0.001

0.000

B32-1

0.36

8.78

0.26

9.96

0.16

5.53

0.03

2.84

0.00

0.00

0.00

0.22

0.00

B32-2

0.25

17.44

1.49

6.96

0.14

8.69

0.08

0.03

1.03

0.00

0.00

0.02

0.01
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On the other hand, at 1 g/L furfural, and substrate concentrations of 24 and 32 g/L, lactate was
predominant followed by acetate and butyrate with lactate-to-TVFAs ratios of 0.32 and 0.48 gCOD
lactate

/gCOD

TVFA

rationalizing the 44% and 45% reduction in B24-1 and B32-1, respectively,

compared to B8-1.
At a furfural concentration of 2 g/L and substrate concentrations of 2, 8, 16, and 24 g/L, lactate
was the main soluble by-products, however, acetate was predominant at a substrate concentration
of 32 g/L (Table 6-7 and Fig. 6-6). This could be attributed to homoacetogensis which favors low
pH of 5.5 as reported by Corona and Razo-Flores, (2018). Formic, isobutyric, valeric, isovaleric
acids in addition to ethanol were detected at very low concentrations throughout the experiments
ranging from 0.001 to 0.16 g/L except for valeric acid at concentrations of 0.35 g/L and 0.44 g/L
in B8-2 and B8-1, respectively, as well as ethanol of 0.3 g/L in B2-1 (Table 6-7). This might be
attributed to the presence of furfural at 1 g/L.
Equations 6.6-6.8 present the theoretical volume of hydrogen concomitant with acetate (HAc),
butyrate (HBu) and propionate (HPr) production using xylose as substrate, the predominant sugar
in the lignocellulosic hydrolysate used in the present study. At 37 ⁰C, it is obvious from equation
6.6 that theoretically 848 mL of hydrogen could be produced concomitant with the production of
1 g of acetic acid (equation 6.6). Similarly, in equation 6.7, theoretically 578 mL of hydrogen could
be produced concomitant with the production of 1 g of butyric acid. On the other hand,
theoretically 342 mL of hydrogen could be consumed with the production of 1 g of propionic acid
(Eq. 6.8), therefore the theoretical hydrogen yields in mL can be calculated as shown in equation
6.9.
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Acetate (HAc): C5H10O5 + 1.67 H2O

1.67 CH3COOH + 1.67 CO2 + 3.33 H2 (848 mL

H2/gHAc at 37 °C)
Butyrate (HBu): C5H10O5

(6.6)
0.83 CH3CH2CH2COOH + 1.67 CO2 + 1.67 H2 (578 mL

H2/gHBu at 37 °C)

(6.7)

Propionate (HPr): C5H10O5 + 1.67 H2

1.67 CH3CH2COOH + 1.67 H2O (342 mL

H2/gHPr at 37 °C)

(6.8)

Theoretical hydrogen yield (mL) =(𝐶𝐻𝐴𝑐 × 𝑉 × 848) + (𝐶𝐻𝐵𝑢 × 𝑉 × 578) − (𝐶𝐻𝑃𝑟 × 𝑉 × 342)
(6.9)
𝐶𝐻𝐴𝑐 , 𝐶𝐻𝐵𝑢 , and 𝐶𝐻𝑃𝑟 are acetate, butyrate, and propionate concentrations in g/L, respectively. V
is the batch working volume.
COD mass balance closures (not shown) ranged from 87% to 108%, while COD reductions
varied from 0.2% to 15.9%. The theoretical hydrogen yields based on equations 6.6-6.8 have
been compared with the experimental data in Table 6-8. The actual hydrogen generated was
comparable to the theoretical hydrogen produced with differences varying from 10% to 21%
except for B2-1, B24-1, and B32-1 where the differences varied from 25% to 67%. The
differences between theoretical and measured hydrogen were more pronounced for the cases
with substrate inhibition. Obviously with complete furfural inhibition, no biohydrogen was
produced, hence all batches with 2 g/L furfural were eliminated from Table 6-8.
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Table 6-8. Theoretical hydrogen production based on the acetate and butyrate produced
Batch Substrate
name conc.

B2-0
B2-1
B8-0
B8-1
B16-0
B16-1
B24-0
B24-1
B32-0
B32-1

2
8
16
24
32

Furfural
conc.

Acetic
acid

Butyric
acid

Propionic
acid

From
Acetic
acid

From
Butyric
acid

From
Propionic
acid

Theoretical
H2

Measured %
H2
difference

g/L

g/L

g/L

mL H2

mL H2

mL H2

mL H2

mLH2

%

0

0.64

0.29

0.09

54

17

-3

68

58.4

14

1
0
1
0
1
0
1

1.10
1.55
1.92
2.87
3.20
3.18
3.94

0.21
2.57
2.00
3.90
3.49
4.22
3.29

0.02
0.35
0.43
0.42
0.49
1.25
1.33

93
132
163
243
271
269
334

12
148
116
225
202
244
190

-1
-12
-15
-14
-17
-43
-45

104
268
264
454
456
470
479

34.3
217
214
408
400
419
361

67
19
19
10
12
11
25

0
1

4.49
5.53

2.90
2.84

1.58
0.03

381
469

167
164

-54
-1

494
632

391
391

21
38
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Summary and Conclusions
The outcome of this study revealed that
•

The initial furfural concentration is a more significant parameter than F/B, F/S, and
initial substrate concentration in biohydrogen yields and rates.

•

Lower MSHPR and hydrogen yields were observed at higher F/S in the substrate
concentration range of 2 g/L to 16 g/L. At 24 g/L and 32 g/L, substrate inhibition
was observed.

•

The 16 g/L was the optimal substrate concentration tested in terms of both molar
hydrogen yields (based on sugar consumption) and rates.

•

Sugars were completely degraded at substrate concentration of < 8 g/L but beyond
8 g/L, residual sugars increased with increasing substrate concentrations.

•

Lactate was the predominant degradation product in both substrate and furfural
inhibitions.

•

Furfural at 1 g/L in all cases was not inhibitory, exhibiting comparable hydrogen
yields to the batches with no furfural, except at a substrate concentration of 2 g/L,
while at 2 g/L furfural, it completely inhibited biohydrogen production. At 2 g/L
furfural, furfural degradation was observed to be inversely proportional to the initial
substrate concentration.
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Chapter 7

7

Conclusions and Recommendations
Conclusions

The novelty of this research stems from the fact that this is the first study to:
➢ Differentiate between the significance of acclimatization in both continuous-flow
systems and batch studies for biohydrogen production from synthetic lignocellulosic
hydrolysates.
➢ Evaluate the impact of furfural inhibition on mesophilic biohydrogen production in
both continuous-flow systems and batch studies.
➢ Investigate the effect of substrate concentration on biohydrogen production in the
presence of furfural using synthetic lignocellulosic hydrolysate in batches.
The following findings summarize the overall significant conclusions regarding the impact of
acclimatization in continuous-flow systems and batch studies on biohydrogen production from
lignocellulosic hydrolysates containing inhibitors

Impact of Acclimatization
a. In continuous-flow systems:
1. In continuous-flow systems, despite acclimatization, hydrogen production rates and
yields were negatively affected by substrate changes, despite being comparably
biodegradable.
2. Higher propionate concentration of 25%-28% of the total VFAs on COD basis (8.128.32 g VFAs as COD/L) was observed upon changing the influent feed from glucose
to mixture of glucose, xylose, arabinose, and cellobiose resulting in 49%-52%
reduction in hydrogen production yields (from 2.1 and 2.3 to 1.08 and 1.1 mol H2/mol
sugars). The metabolic shift was evidenced by a significantly higher concentration of
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propionate (37%-42%) when the feed was changed from the aforementioned mixture
of sugars back to glucose only.
3. Once inhibition occurred, the revivability of mesophilic biohydrogen-producing
bacteria was not achieved, despite running the system (under the same operating
conditions of initial substrate concentration, substrate type, initial pH, HRT, and SRT),
as before inhibition occurred.
4. Certain taxa were significantly washed out along with the change in feed. In phase 1,
concomitant with the high hydrogen yields, the microbial cultures were predominantly
acetate-producing bacteria i.e. Ethanoligenes, Clostridium, and Ruminococcus while
Coriobacteriaceae and the propionate-producing Megasphaera were predominant in
phases 2 and 3 when the hydrogen yield diminished.
b. Batch studies:
Based on the aforementioned findings in the continuous-flow systems, the response of
acclimatized cultures to feed changes in batches was completely different. The following
conclusions can be drawn regarding the batch tests.
1. Co-fermentation of hexose and pentose sugars was evaluated in batches. The H2 yield
was enhanced by 26% in batches by changing the feed from single sugar (glucose at a
concentration of 10 g/L) to multiple sugars (glucose, cellobiose, xylose, and arabinose
at a concentration of 2.5 g/L each).
2. The H2 yield increased by switching the feed to equal amounts of C5 and C6 sugars
(from 1.71 mol H2/mol glucose in glucose-fed batch to 1.96 mol H2/mol sugars in the
batch that has been fed with equal amount of four different sugars at the same COD
basis).
3. Acetate was the predominant VFA in either hexose-fed batches or a mixture of hexose
and pentose-fed batches while butyrate was the main VFA in pentose-fed batches.
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Impact of Furfural Inhibition
The major outcomes of the study on the impact of furfural inhibition in continuous-flow
systems are summarized below:
1.

Biological detoxification by acclimatizing mesophilic biohydrogen cultures increased
the furfural inhibition threshold level from 1 g/L as reported in the literature in batch
studies to 2-4 g/L.

2.

Both glucose-fed reactor and xylose-fed reactor showed similar performance as the
initial concentration of furfural up to of 0.5 g/L was stimulatory.

3.

In the glucose-fed reactor, the hydrogen production yields increased by 17% and 6%
to 2.66, and 2.4 mol H2/mol glucose with the addition of the furfural to the influent
feed at concentrations of 0.25 and 0.5 g/L, respectively, compared to 2.27 mol H2/mol
glucose in the control (influent glucose with no furfural). On the other hand, the
hydrogen production yields decreased by 21%, 29% and 62% to 1.8, 1.62, and 0.87
mol H2/mol glucose at influent furfural concentrations of 1, 2, and 4 g/L, respectively.

4.

Furfural was completely degraded by the acclimatized sludge as evidenced by the
absence of furfural in the effluent for all the tested furfural concentrations.

5.

Furfural inhibition was reversible, as evidenced by the 95% recovery in the biomassspecific hydrogen production rate (SHPR). The inhibited biomass at 4 g/L furfural
exhibited a SHPR of 0.94 LH2/ gVSS.d while the revived cultures (after removing the
4 g/L furfural from the influent) produced a SHPR of 1.71 LH2/ gVSS.d, which is 95%
of the SHPR of 1.81 LH2/ gVSS.d obtained during the system start-up without furfural
addition (control).

6.

Acetate and butyrate were produced when furfural was used as the sole carbon source
with cultures acclimatized with furfural.
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Simultaneous impact of substrate and furfural inhibition
Substrate inhibition in addition to furfural inhibition have been studied in batches for mesophilic
biohydrogen production from lignocellulosic hydrolysates by varying substrate concentrations
from 2 to 32 g/L and furfural concentrations from 0 to 2 g/L. The batches were operated at initial
furfural-to-biomass ratios of 0 to 5.62 g furfural/g VSS biomass, and furfural-to-substrate ratios of
0 to 0.56 g furfural/g substrate. Below are the major findings:
1. The initial furfural concentration is a more significant parameter with respect to
inhibition than furfural-to-biomass ratio (F/B), furfural-to-substrate ratio (F/S), and
initial substrate concentration.
2. Synthetic lignocellulosic hydrolysates (76% xylose) concentration of 16 g/L was the
optimal substrate concentration tested in terms of both molar hydrogen yields (based on
sugar consumption) and rates. The observed optimum molar hydrogen yield and
maximum specific production rate were respectively 1.55 mol H2/mol sugars and 107
mL H2/gVSS.h.
3. Furfural at 1 g/L was not inhibitory at various substrate concentrations except at a
substrate concentration of 2 g/L, where furfural-to-substrate ratio was the highest (0.56
g furfural/g substrate).
4. No hydrogen was produced at 2 g/L furfural.
5. Lactate was the most predominant VFA in all batches where inhibition occurred. i.e. at
substrate concentrations of 24 g/L and 32 g/L and furfural concentration of 1 g/L, lactate,
non-hydrogen producing pathway, was the predominant soluble by product followed by
acetate and butyrate, rationalizing the respective 40% and 51% reduction in the
hydrogen yields (0.91, and 0.74 mol H2/ mol sugars) compared the batches with
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substrate concentration of 16 g/L (1.52 mol H2/ mol sugars). Besides, lactate was
predominant in most of the batches at furfural concentration of 2 g/L, where no hydrogen
was produced.
6. Based on the comparison between the behavior of the microbial cultures in continuousflow systems and batches, it is evident that the process impacts the metabolic pathways
as evidenced by the predominance of lactate in batch studies, and acetate and butyrate
in continuous-flow systems.

Recommendations for future work
Based on the findings of this research, future research should address the following areas:
1. Investigation of the synergistic and antagonistic effect of other inhibitors such as
hydroxymethyl furfural (HMF), hydroxybenzoic acid (HBA), syringaldehyde, vanillin,
and acetic acid in combination with furfural in continuous-flow fermentative hydrogen
production systems.
2. Study the influence of S⁰/X⁰ ratio simultaneously with substrate and furfural inhibition
to obtain kinetic parameters.
3. Investigate the effect of different SRT on the significance of acclimatization on
mesophilic biohydrogen production from lignocellulosic hydrolysates.
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Appendices
Appendix A1: R1 and R2 were duplicates. The reactors fed initially with glucose (10g/L)
(phase 1). Then, the feed was switched to glucose, xylose, arabinose, and glucose (2.5 g/L
each) (phase 2). Finally, the feed reverted to glucose (10 g/L) (phase 3)
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Appendix B2: wet-tip gas meter (Rebel wet-tip gas meter company, Nashville, TN, USA)
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Appendix C3: An Automatic Methane Potential Test System (AMPTS II; Bioprocess
Control, Sweden)

sample
incubation unit
CO2 fixing unit
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Wet tip gas meter

Appendix D4: Regular batches

Shaker
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Appendix E5: Glucose-fed reactor and xylose-fed reactor
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